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ABSTRACT
We focus on two topics, multi-scale experimental characterization of structure and
mechanical properties of bone as a function of age and regeneration of bone in long bone critical
sized defects.
In the first part of this study, a multi-scale experimental work was carried out to characterize
cortical bone as a heterogeneous material with hierarchical structure. We analyzed bone at several
different length scales: nanoscale (1 nm -100 nm, apatite crystal and collagen fibril level),
sub-microscale (1-10μm, single lamella level), microscale (10 -500μm, single osteon level), and
mesoscale (1–10 cm, involving a random arrangement of osteons, lamellar bone and/or woven
bone, representing cortical bone). Macroscale level represents a whole bone level which includes
both cortical and trabecular bones. Samples prepared from swine femoral cortical bones from three
age groups (6-month, 12-month and 42-month) were used to study the age-related changes. The
mechanical properties of cortical bone at meso-scale were measured by tensile and compression
testing and the modulus and hardness were measured at the single lamella level using
nanoindentation. Scanning electron microscopy (SEM) and micro-computed tomography
(micro-CT) were used to analyze the structural variations in bones from different age groups from
sub-micro to meso-scale levels. The bone’s chemical composition and its spatial distribution were
characterized by combining the ash content method, Duel Energy X-ray Absortionmetry (DEXA)
and Fourier transform infrared microspectroscopy (FTIRM). These experimental results indicated
significant age-related changes in both structure and chemical composition of cortical bone.
Woven bone was dominant in 6-month samples, lamellar bone was a prevalent structure in
12-month old samples, while osteons were features in the 42-month old samples. The mineral:
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organic ratio increased as bone matured. The superior bone structure and high mineralization level
led to the increase in the elastic modulus. The increase of the tensile strength with age could be
attributed to the decrease of the porosity and the increased fraction of tough and stiff
microstructures. In addition to these measurements, the effect of sample geometry and shape as
well as bone’s anisotropy on tensile properties were investigated.
In the second part, our work focused on strategies for healing critical size defects in long
bones resulting from traumatic injuries or diseases. We have developed a small animal in vivo load
bearing model to study the effect of a biocompatible artificial polymer scaffold on regeneration of
long bone defects in adult African Clawed Frogs (Xenopus laevis) hind limbs. We first designed
and fabricated scaffolds made of 1,6 hexanediol diacrylate (HDDA) using an innovative three
dimensional microfabrication technology called Projection Micro-Stereolithography. Critical
size defects were made in one bone of the dual skeletal element hind limb tarsus bone in adult
Xenopus laevis frog. HDDA scaffolds were soaked with two growth factors: BMP4 and VEGF.
Defects in control frogs were left empty, or were implanted with scaffolds lacking growth factors.
The limbs were harvested at a series of time points ranging from 3 weeks to 6 months after
implantation. We employed Micro-CT to assess the shape and density of the regenerated tarsus,
and standard histology to evaluate tissue types and the anatomical relationships. In frogs treated
with growth factors soaked scaffolds, five out of eight defects were completely filled with cartilage
by 6 weeks. Blood vessels had invaded the cartilage, and bone was beginning to form in ossifying
centers. By 3 months these processes were well advanced. In contrast, defects in control frogs
showed formation of fibrous scar tissue and the negligible cartilage formation was observed in
defects. Our studies demonstrate the feasibility of using scaffolds loaded with carefully selected
growth factors to repair long bone defects over gaps of critical size by developmental regeneration.
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1CHAPTER 1 INTRODUCTION
1.1 BACKGROUND
1.1.1 Fracture of Bone
Bone is a biological tissue, which among its other functions provides support for body against
external forces, acts as a lever system to transfer forces, and protects vital organs. Bone fracture is
a very common medical condition in which there is a break or crack in a bone. As a living
biological tissue, bone tissue has the ability to heal when the space between cracked surfaces is
small. . When the defect, induced by trauma or disease, is large, the bone losses the ability to repair
itself.
1.1.2 Multi-scale Characterization of Bone Tissue
Healthy bone is light, stiff, strong and tough while diseased bone tissue, such as osteoporotic
bone, has much higher fracture risk. The fracture risk cannot be explained simply by any separate
alteration on structure or chemical composition. Similar to many other natural materials, bone has
a complex structure and chemical composition which can be characterized by two “H”s. The first
“H”refers to a hierarchical structure as shown in Fig 1.1. A rigid outside layer of the bone is
called cortical bone and the spongy bone inside is cancellous bone. Cortical bone tissue is a
combination of different bone microstructures such as woven bone, osteons and other lamellar
bones. These bone microstructures have a similar substructure called single lamella, which is
mainly constructed from mineralized collagen fibers.
2Figure 1.1 Hierarchical structure of cortical bone
The second “H” represents a heterogeneous nature of cortical bone. Osteons,
circumferential lamellae and interstitial lamellae (woven bone) are the main microstructures of
cortical bone tissue. Each microstructure has unique structural patterns and mineralization levels
[1, 2] and there is spatial variation within individual microstructures. For instance, the chemical
composition of two osteons in same bone piece may vary due to the difference of the actual tissue
age instead of the animal age and two adjacent layers within one osteons may also have different
mechanical properties due to different mineralization levels.
There are various micromechanics and finite element models for prediction of mechanical
properties of cortical bone in order to better assess the fracture risk [6-24] . Various experimental
techniques have also been used to study the three aspects of bone tissue: mechanical properties,
structure and chemical composition of bone tissue. [2, 3, 8, 30-63]. Despite of the fact that
experimental characterization of cortical bone is highly affected by both the “Hierarchy”and
“Heterogeneity”, which are two important characteristics of cortical bone, and influenced by
many other factors such as species, sex, age, etc, previous studies usually focused on an individual
aspect at single scale. Consequently, the available experimental data is isolated and diverged
which make it hard to compare these results and obtain clinically important observations.
3Therefore, a systematic multi-scale experimental work is needed to obtain a comprehensive
understanding of the relationships between the three aspects, which can be used to predict the
fracture risk in a more precise way.
1.1.3 Large Bone Defect Repair by Regeneration
In human and other vertebrates, bone fractures can heal to restore structural and functional
integrity of the injured bone. However, when an injury produces a significant loss of tissue and
result in a large gap in the bone, the bone will not be able to repair to fill in the gap. Instead, the
missing bone region will be replaced with fibrous scar tissue. Biology and material scientists have
tried different synthetic polymer/ ceramic scaffolds together with stem cell and grow/survive
factors to repair the bone defects. In these studies, the main approach is to promote bone cells to
attach and grow on/in the scaffolds which usually serve as a structural support and template
[3-30]. Unfortunately, these methods ignored that the natural fracture repair is a intercalary
regeneration process so they are not very promising for repair of large long bone defects [31, 32].
Therefore, novel approaches to repair the long bone defects need to be further explored.
1.2 DISSERTATION STATEMENT
This Ph.D. dissertation research focused on setting up a systematic multi-scale experimental
work to characterize mechanical properties, structure and chemical composition of cortical bone.
The correlations between these three aspects were studied. Concurrently, a novel approach using
smart scaffold induced regeneration to repair large bone defect was explored.
41.3 SCOPE OF THE WORK
As stated in the title, this dissertation was a combination of two studies. In the first part, the
multi-scale experimental characterization of the cortical bone tissue was described and work on
using artificial bio-polymer scaffolds coated with growth factors to promote bone tissue repair
through intercalary regeneration in a Xenopus laevis model was introduced in the second part.
In Chapter 2, a literature review was conducted to summarize the structure and biology of
bone, techniques used to characterize bone tissue and approaches applied to assist bone repair.
First, various testing methods used to measure the bone mechanical properties, techniques applied
to evaluate the structure and chemical composition of bone were reviewd. Then the natural fracture
repair process in bone was discussed. Information about scaffolds, stem cells and growth factors
were summarized at last.
Chapter 3 and chapter 4 presented the experimental studies on swine femoral cortical bone.
Chapter 3 focused on the age-related changes.. Samples prepared from swine femoral cortical
bones from three age groups (6-month, 12-month and 42-month) were used to study the
age-related changes. The mechanical properties of cortical bone at meso-scale were measured by
tensile and compression testing and the modulus and hardness were measured at the single lamella
level using nanoindentation. Scanning electron microscopy (SEM) and micro-computed
tomography (micro-CT) were used to analyze the structural variations in bones among different
age groups from sub-micro to meso-scale levels. The bone’s chemical composition and its spatial
distribution were characterized by combining ash content method and Fourier transform infrared
microspectroscopy (FTIRM). In Chapter 4, the effect of sample geometry and shape as well as
bone’s anisotropy on tensile properties were investigated.
5Chapter 5 described the details of the regeneration project. Scaffold fabrication,
experimental design, animal surgery, and these post-surgery evaluation methods were explained
first. Results from three different treatment groups were summarized and compared afterward.
Finally, discussions and conclusion were given.
Chapter 6, as the last chapter, included the summay of the experimental results and
recommendations for future directions.
6CHAPTER 2 LITERATURE REVIEW
2.1 BONE IS AN“H&H”MATERIAL
Bone is one of the most important tissues in human body, which provides support for body
against external forces, acts as a lever system to transfer forces and protects vital organs. Bone also
stores and maintains minerals such as calcium and magnesium.
As most other biomaterials, bone has a complex structure spanning from nanometer to
macroscopic dimensions. Bone also is a multiphase material which contains both organic and
inorganic components together with water and living cells. The hierarchical structure and the
heterogeneous chemical composition distribution make bone a very strong material with a high
strength and toughness through different scales.
Among the two hundred and six bones in a human body, there are two kinds of bone
depending on their general geometry: flat bone and long bone. Skull, scapula and pelvis are
examples of flat bones while most bones in limbs such as humerus, ulna, femur and fibula are long
bones. At the macro-scale level, there are two types of bone: cortical bone (compact bone) and
trabecular bone (cancellous bone). Flat bone has a sandwich structure with trabecular layer lying
between two cortical bone layers. In a long bone, cortical bone forms a hollow cylindrical shell
while trabecular bone is mainly distributed in the middle of the shell and at the head of long bones.
7Figure 2.1 Hierarchical structural organization of bone. (a) cortical and cancellous bone; (b)
osteons with Haversian systems; (c) lamellae; (d) collagen fiber assemblies of collagen fibrils; (e)
bone mineral crystals, collagen molecules, and non-collagenous proteins [33].
Fig 2.1 demonstrates the hierarchical structure of cortical bone at different scales. At the
nano-scale, stiff hydroxyapatite HA mineral crystals and soft collagen molecules combine into
mineralized collagen fibers which serve as the primary building block of bone. At the
submicro-scale, these mineralized fibers are arranged preferentially to form single lamella. At the
micro-scale level, these lamellae are organized into layered structures, which include
circumferential lamellae (following outer and inner circumferences of bone shaft), concentric
lamellae (representing osteons made of lamellae in the form of concentric cylinders), and
interstitial lamellae (made of remnants of previous concentric lamellae) [34] as shown in Fig 2.2.
At meso-scale, cortical bone is a combination of these different lamellae. These lamellae
demonstrate different mechanical properties due to variation of structure and chemical
composition. Each osteon consists of concentric layers, or lamellae, surrounding the long hollow
Haversian canal. Collagen fibers in a particular lamella run parallel to each other. But the
8orientation of collagen fibers within other lamellae is at an angle. Osteons are aligned with the
bone long axis with approximately several millimeters in length and 200 to 300μm in diameter.
Interstitial lamellae separate the osteons from each other with more random orientations.
Circumferential lamellae usually present in both endosteum and periosteum regions.
Figure 2.2 A sketch of the transverse cross-section of the cortical bone [35]
2.2 CHARACTERIZATION OF BONE
2.2.1 Mechanical Properties of Bone
With the hierarchical structure and combination of “soft”collagen and “hard”HA crystal,
bone exhibits superior mechanial properties: tough, stiff, light and strong. Through the hierarchical
structure, the mechanical properties in higher scales were determined by the properties and
structure in lower scales. Therefore, it is essential to know the mechanical properties at each scale.
9Various techniques and methods were used to achieve this goal. In the meso-scale, tensile,
compression, and bending tests were the most common methods used to measure the bulk
mechanical properties of cortical bone [36-39]. Results obtained from these tests represented the
overall mechanical response of the combination of different bone microstructures such as osteons
and interstitial lamellae. Several micro-scale tests were used to access the material properties of
the individual bone microstructure such as the pull-out testing on single osteon and micro-tensile
testing on single trabecular rod. Micro/nanoindentation was the major method used to evaluate the
bone mechanical properties at submicro/nano scale [40, 41].
2.2.1.1 Tensile testing
Tensile testing is one of the most widely used methods for measuring mechanical properties
of materials and it has been employed to measure Young’s modulus, ultimate tensile strength and
other tensile properties of bone. Measurement of mechanical properties of bone is a challenging
task as the properties depend on age [36, 42, 43], anatomical location [44], orientation,
preservation method [45], specimen preparation and testing conditions.
Additional challenges include the fact that the cortical bone is anisotropic, spatially
heterogeneous, and there is a limited amount of tissue available for testing. This becomes more of
an issue for testing of transverse properties of cortical bone. Some standards, such as the American
Society for Testing and Materials (ASTM) standards, were established for tensile testing of
different engineering materials. However, in the case of bone, there are no strict standards for any
testing method.
Preservation of Tissue
The most common preservation of bone is freezing the bone tissue covered by the phosphate
buffered saline (PBS) soaked gauze in -18 ºC or -20ºC [39, 42, 46-49]. Others preferred to store
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bone tissues in Ringer solution instead of PBS [38, 50]. Nevertheless, previous studies indicated
that there was no significant difference of the mechanical properties between the fresh and
freezed-thawed bone. However, embalming did changes bone properties. In the study of
McElhaney et al. [45], the effect of embalming on the mechanical properties of bovine bone was
investigated and they found that the embalming decreased the ultimate strength, maximum strain
to failure, and modulus of elasticity.
Anatomical Location
In Gaynor and Lebow’s work [44], tensile test samples were obtained from different regions
of human femurs: anterior, posterior, medial and lateral quadrants of the proximal, middle and
distal third of the shafts. In their results, the middle third of the femoral shaft had the highest
average ultimate strength, elastic modulus, greatest percentage elongation under tension. The
proximal third of the shaft was the weakest for ultimate tensile strength and elastic modulus.
Other parameters
Currently, there are no existing standards for tensile testing of cortical bone. Different sets of
parameters of sample preparation and testing were selected and used. For instance, a number of
researchers [42, 47, 51-53] used same or similar dumbbell shaped sample geometries as Reilly et
al. [39], but other sample shapes were also considered [38, 43, 49, 54-56]. Because of the
poroelastic and viscoelastic characteristics of bone, displacement/strain rate was another important
parameter which affects the measured tensile properties of bone. Similarly, the tensile properties
of bone measured in dry or wet conditions were also different. There was a 17.6% and 31.3%
increase in elastic modulus and ultimate tensile strength, respectively, measured on dry samples
[44]. Table 2.1 summarized the different parameters such as sample shape and geometry together
with the testing speed used in the previous studies.
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Table 2.1 Bone type, sample geometry and testing speed used in previous studies.
Ref. Bone Type SampleGeometry
Testing
Parameter Remark
Evans et al.
1951[44] Human femur
TL=3'' GL:
0.15'' x 0.25'' Location
McElhaney et
al. 1963[57] Bovine femur
TL=3'' GL:
0.15'' x 0.25'' 0.05in/min preservation
McElhaney et
al. 1970 [58] Cranial bone
Dumbbell
TL=1.0' 0.01in/min
Simkin et al.
1973 [38] Bovine tibiae
TL=88 G:4 x 5
x 30 R=3/4 0.5mm/min
Compared with
bending
Reilly et al.
1974[39]
Human and
bovine
TL=15 G:2 x 2
x 6 R=3/4 0.05/s
Saha et al.
1976[50]
bovine and
Human femur 0.031mm/s Tensile impact
Burstein et al.
1979 [50]
human femora
nd tibiae
TL=15 G:2 x 2
x 6 R=3/4 0.05/s age
Vincentelli et
al. 1985 [55] Human 25 x 1.8x 1.7 0.5mm/s
Effect of
remodeling
Currey 1990
[54]
Different
Species
G:1.8 x 1.8 X
16 0.2/s
Multiple
variables
Jonas et al.
1993[46] Rat femur Whole bone 0.002/s
Dematerialized
bone
McCalden et
al. 1993 [36] human femur
TL=30 G:12 x
2 x 2 0.03/s age
Rho et al. 1993
[59] human tibia 0.3x0.3x2.2mm 0.0055/s
Micro-tensile
testing
Claes et al.
1995 [60] Sheep tibia GA: 0.5x1.5 1mm/min
Turner-Walker
et al. 1995 [61]
Archaeological
bone 0.1mm/s
Archaeological
bone
Bowman et al.
1996 [62] Bovine humeri
Cylindrical
D=2 L=5 0.025mm/s
Dematerialized
bone
Kotha et al.
1998 Bovine femur
TL=30 G:12.5
x 5 x 2 0.00265/s BMD
Braidotti et al.
2000 [30]
Bovine
subchondral
bone
20x2x1 0.2mm/min
Subchondral
bone
Cotton et al.
2003, 2005
[63, 64]
human femur GA=8mm^2 Cycled Load Tensile fatigue
Harvey et al.
[43]2005
Black
Bear-tibia
TL=30 G:2 x 2
x 16 R=4 0.3mm/s age
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Table 2.1 (cont.)
Ref. Bone Type SampleGeometry
Testing
Parameter Remark
Winwood et al.
2006 [49] Human femur
TL=30 G:2 x 5
x 10 Cycled Load Tensile fatigue
TL: total length G: gage section GA: gage section area R: radius of fillet
2.2.1.2 Compression and other testing
The other methods used in macro/meso-scale bone mechanical testing include compression,
bending, torsion and shear tests [39, 65, 66]. Some other testing such as drilling testing was also
used to study mechanical properties of human bone by Karalis et al. [67].
Although Walsh et al. [68] and Jankowska-Kuchta et al. [69] used compression testing on
cortical samples, the compression testing has been more commonly used in trabecular bone testing
[70-75]. The reason is that it is not easy to make tensile test samples from trabecular bone. The
loading situation in bending testing is more complex. Samples experienced both compression and
tension loading during the bending testing [5, 38, 76-78]. Simkin and Robin [38] developed a
formula which was used to calculate the elastic modulus in bending of bone if the stress-strain
curves for tension and compression were given.
2.2.1.3 Nanoindentation
As a micro-scale testing technique, nanoindentation was commonly used to measure the
mechanical properties of different bone microstructures. Trabecular bone nanoindentation sample
usually required embedding of the tissue into resins first [79], while cortical bone sample was
directly prepared by polishing or microtome cutting [80]. Interestingly, although the mechanical
properties between cortical and trabecular bone obtained from macro-scale were different, the
elastic properties of both bone types were similar in the micro-scale measured by nanoindentation
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[81]. As described in section 2.1, cortical bone has several microstructures such as osteons,
interstitial lamellae and circumferential lamellae. Nanoindentation has been used to discriminate
the mechanical properties of those microstructures [2, 79, 81-83] and those results indicated that
interstitial lamellae had higher elastic modulus compared with osteons [40, 83-86]. The
mechanical properties within individual microstructure were also varied [40, 84] , which confirm
the heterogeneous nature of bone. Rho et al. [84]found that lamellar properties of osteons near the
center of the osteons were greater than those from the outermost lamella and a periodic variation
between 24 GPa and 27 Gpa with a single osteon lamella was found in Gupta et al. [40]. The
variations of the bone mechanical properties measured by nanoindentation in lamellae level were
correlated to anatomical locations, strain environments [87] and mineral content [88, 89] and the
heterogeneity promoted energy dissipation in bone [90].
Age, which affects the bone mechanical properties in macro-scale was found be more
controversial in nanoindentation results. Hoffler et al. [91] found no correlation between age and
lamellar-level elastic modulus or hardness and this was consistent for osteons and interstitial
lamellae. Their results was confirmed by Rho et al. [85]. However, Kavukcuoglu et al. [92]found
differences in mechanical properties between young and older age groups. Various bone diseases
and physiology conditions impact bone mechanical properties in lamellar level [92-94]. For
instance, drying was found to increase both elastic modulus and hardness for osteons and
interstitial lamellae [2, 95-97].
One another important application of nanoindentation was to characterize the anisotropic
properties of bone [82, 85, 86, 96, 98, 99]. Because nanoindentation required small testing surface,
it was more convenient to prepare samples with different orientations compared with large
samples in macro-scale testing. Recently, the viscoelasticity and poroelasticity of cortical bone
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were explored using nanoindentation [100-105]. Fan and Rho [101] found that the elastic modulus
was proportional to indentation strain rate if the contribution of time-dependent plasticity was
minimized by multiple loading-unloading cycles and a long holding period at maximal load. A
“ramp and hold”creep tesing was also used to study the viscoelastic behavior of bone[104] and in
Tang et al. [102, 105], the elastic modulus and hardness results were found independent of
experimental conditions after correcting for viscoelastic effects.
In nanoindentation studies, most researchers used the mathematical model adapted from
Oliver and Pharr [106] to calculate the sample hardness ( H ) and reduced Young’s modulus ( rE )
of bone tissue. The reduced modulus is defined by Equ 2.1
2 21 11 s i
r s i
v v
E E E
   (2.1)
where the subscript i corresponds to the indenter material, the subscript s refers to the
indented sample material, and is Poisson’s ratio. During an indentation testing, a very hard
indentation tip was pushed to contact with testing materials, the applied load vs. displacement
curves for loading and unloading as shown in Fig. 2.3 recorded and analyzed according to the
equation
2
r
dP
S E A
dh 
  (2.2)
where S is the experimentally measured stiffness of the upper portion of the unloading data
and A is the projected area of the elastic contact. If the material properties of the indent tip are
known, the modulus of the sample material could be derived. Beside the modulus, the hardness of
the sample material can be calculated as the ratio of the maximum load to the projected contact
area (Equ 2.3)
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Beside the Oliver-Pharr method, new methods have been continually developed to obtain
more accurate data analysis [102, 106, 107]. Most of these methods were well summarized in
[108]. Similar to macro-scale tensile testing, there is no testing standard for nanoindentation of
bone [108]. Several variables during sample preparation and testing stages such as embedding
materials, surface roughness control, maximum force, rate of indentation and indent depth had
been investigated [2, 80, 109-111]. More parametric studies need to be done to develop the
standard for nanoindentation.
Figure 2.3 A schematic representation of load/unload curve in an indentation experiment [106]
Different techniques had been combined together with nanoindentation in studies of bone.
Kavukcouglu et al. [92] and Hofmann et al. [98] used nanoindentation together with Raman
spectroscopy to characterize the effects of osteopontin deficiency and aging on mouse cortical
bone. Ziv et al. [112] combined nanoindentation, SEM and TEM to evaluate the relations
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between microstructure and hardness in lamellar bone. Besides these experiments, finite element
analysis was also coupled with nanoindentation to predict the mechanical properties of bone
[113, 114].
2.2.1.4 Other mechanical testing method
In nano-scale, micro-tensile testing was used to study the deformation of mineral and
collagen in bone [40]. Lou et al. [41] used a modified optical tweezer system testing single
collagen molecule and the average stiffness of the collagen was 0.34±0.11 pN/nm.
2.2.2 Structure of Bone
As described in section 2.1, bone has a complex hierarchical structure spanning from
nanometer to macroscopic dimensions. The wide range of magnifications and easy sample
preparation of scanning electron microscopy (SEM) make it a very useful technique to study the
structure of bone at different scales [46, 115-127]. Boyde et al. [117, 118, 121, 124] published
series of papers using SEM to study bone. In their review paper [115], instruments, specimens and
methods were all well summarized. Using different sample preparation methods, bone cells [46],
regenerative tissues [31, 116], cancer tissues [120], or biological processes [122] were
characterized by using SEM. Additional to the applications in structure analysis, the backscattered
electron (BSE) imaging allowed us to study the degree of mineralization of bone [115, 124].
Bone structure was also evaluated by micro-computed tomography (micro-CT). High
resolution 3D images with digitized data of bone obtained using micro-CT were used to evaluate
the bone quality[128-132]. With the help from image processing software, micro-CT was further
used to quantitatively assess the bone tissue regeneration and help designing optimal scaffold
structure for tissue engineering[133, 134].
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Besides SEM and micro-CT, transmission electron microscopy (TEM) was very useful in
characterization of bone structure in nano-scale. Information such as mineral crystals’shape, size
orientation and the alignment together with the structure of collagen matrix was investigated using
TEM [125, 126, 135, 136].
2.2.3 Chemical Composition of Bone
Bone can be considered as a multi-phase composite system, in which collagen fibers (organic
matrix,32-44% bone volume) are reinforced by mineral crystals (inorganic phase 33-43% bone
volume, mainly hydroxyapatite( 10 4 6 2Ca (PO ) (OH) ) . Water (15-25%bone volume) and cells are
also constituents of bone [137].
2.2.3.1 Ash Content
Mineral crystal, organic collagen and water are the main components of bone. At
macro-scale, the ash content is one of the most common methods used to characterize the fraction
of those different components [76, 138, 139]. The water content was calculated from the difference
between fresh bone and dehydrated bone and the weight fraction of mineral content was measured
by burnning out the organic components.
2.2.3.2 FTIR
As a well-established technique, Fourier Transform Infrared (FTIR) spectroscopy was very
useful for studying biological materials [140-142]. More than half a century ago, it was first used
to characterize the chemical composition in bone [143]. During the last two decades, with the
advantage of being sensitive to both mineral and organic components of bone, FTIR had been
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extensively used to characterize the chemical compositions of mineralized tissues such as bone
tissue [1, 5, 144-172].
As summarized in several review papers [145-149], FTIR spectroscopy was widely used to
study the intraspecies variation [151], effects of aging [1, 156, 169, 170], bone diseases and tissue
preservation [150] on bone and the interaction of bone cements with the bone tissue [161]. In a
FTIR analysis, bone tissue was first fixed and dehydrated in series of ethanol. It was then
infiltrated by mehylmethacrylate monomer and embedded into poly(methyl methacrylate)
(PMMA). The spectrum was finally obtained by scanning on ~5 um thin slices using microtome
[144]. In a typical normal FTIR spectrum of bone as shown in Fig 2.4, phosphate vibrations
represent the nature of HA, and the Amide I and Amide II proteins peaks arise mainly from
collagen. Acid phosphate and carbonate vibrations represent the extend and nature of substitution
in the HA [145]. The integrated vibration peak areas represent the actual amount of the chemical
compounds and the proportion between two components could be determined by calculating the
ratio of the two integrated peak areas. The chemical composition parameters could be measured by
FTIR included matrix: organic ratio [160], carbonate: phosphate ratio [143, 169], crystallinity
[162, 170, 171], acid phosphate: phosphate ratio [171] and collagen maturity (reducible:
nonreducible collagen crosslinks) [163-167].
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Figure 2.4 Typical FTIR spectrum of bone tissue [145]
Mineral: organic ratio, representing the mineralization level of bone, was the most popular
parameter measured by FTIR. This parameter was determined by calculating the ratio of the
phosphate and Amide I integrated peak areas. Crystallinity, the qualitative assessment of mineral
content could be derived from several approaches [146, 148, 151, 162, 170-172]. Miller et al.
[171] used v4 phosphate vibration peak to derive the crystallinity information while the study of
Rey et al.[169] revealed a strong relation between the resolution factor of the carbonate and the
crystallinity and the crystallinity improved with the aging. The ratios of acid phosphate to
phosphate and carbonate to phosphate were considered relevant to the maturity of the mineral
crystals.
Although bone mineral contents (BMC) is a important bone quality parameters, the collagen
maturity was also correlated with the bone strength[164]. Since then, Boskey’s group published
several papers using FTIR to characterize the collagen cross-links [163, 164, 166, 167]. Two types
of cross-links were identified in type I collagen, reducible and nonreducible cross-links. Reducible
cross-link with sodium borohydride includes three major cross-links:
Hehydro-dihydroxylysinonorleucine (deH-DHLNL), dehydro-hydroxylysinonorleucine
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(deH-HLNL) and dehydro-histidinohydroxymerodesmosine (deH-HHMD), while pyridinoline
(Pyr), deoxypyridinoline (lysyl analog of Pyr,d-Pyr), histidinohydroxylysinonorleucine (HHL)
and pyrrole are nonreducible cross-links [165]. After successfully correlating the
reducible:nonreducible collagen cross-link ratio with the relative percent area ratio of two
subbands at ~1660cm-1 and 1690 cm-1 in the amide I spectral region [167], Paschalis et al. found
the variation of the reducible:nonreducible collagen cross-link ratios and the variation was
depending on the surface metabolic status [166] and bone pathological conditions (osteoporotic
bone vs. normal bone)[163].
More information could be obtained by coupling FTIR system with an optical microscopy, to
form a FTIR-MS. With FTIR microspectroscopy, spatial variation of bone chemical compositions
were able to be identified [151-159] Paschalis et al. [152] used FTIR-MS to study the chemical
composition in human osteons. Their results showed an increased trend of mineral: organic ratio
while the carbonate: phosphate ratio and crystallinity decreased from the center to the periphery of
the osteons. In their follow-up works [153, 154], the crystallinity was higher in osteoporotic bone
compared with normal bone and the crystallinity also increased with age. They also found that
crystallinity was diminished as carbonate levels increased [155]. Three-dimensional
reconstruction was obtained by stacked the two-dimensional images from a series of bone sections
[172].
FTIR was also combined with other techniques to characterize the chemical composition of
bone in more comprehensive manner. Camacho et al. [160] found that the information obtained
from FTIR and SAXS was complementary: the chemical information obtained by FTIR and the
“structural”information such as thickness and alignment of mineral crystals obtaned by SAXS.
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2.2.3.3 Raman
Raman spectroscopy, another type of vibrational spectroscopy, was also widely used in
studies the bone tissue [146]. Smith and Rehman [173] first used FT-Raman spectroscopy
studying the chemical composition of human cortical bone. In their study, Raman spectra obtained
on the cortical bone tissue in the fresh state was compared with the spectra of cortical bone in the
deproteinated state, synthetic hydroxyapatite and calcined bone. All materials yielded different
spectra as shown in Fig 2.5.
(a)
Figure 2.5 FT-Raman spectrum of four materials. (a) whole human bone, (b) deproteinated bone,
(c) synthetic hydroxyapatite and (d) calcined bone.
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(b)
(c)
Figure 2.5 (cont.)
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(d)
Figure 2.5 (cont.)
The Raman spectra of bone with diffferent ages were different. By using deep-ultraviolet
Raman spectroscopy, the effect of aging on human cortical bone tissue was studied by Ager et al.
[40] and the Raman spectra of the bones from different age donors were shown Fig 2.6. Older bone
had higher Amide I peaks.
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Figure 2.6 UV Raman spectra of human humerus bone from donors of different ages[40]
Penel et al. in 1998 published a paper on bone sample preparation for Raman
microspectrometry [174]. A simple method was introduced to reduce the bone fluorescence effect
to the Raman spectrum. Kontoyannis et al. [175]developed a nondestructive analytical method
using Fourier transform Raman spectroscopy for identification and quantitative analysis of
hydroxyapatite and collagen in bone. Morris group in University of Michigan has done a lot of
research focusing on using Raman spectroscopy on bone tissue. Different applications of using
Near-IR Raman spectroscopy were explored in the group since 1999 [174, 176-191]. Fig 2.7 was
the sketch of the Near-IR Raman spectroscopy apparatus.
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Figure 2.7 Near-IR Raman imaging and spectroscopy apparatus[176].
In their work which focused on the chemical microstructure of bone in the early stages[176,
177], they compared the traditional univariate band integration with the factor analysis on the
spectra obtained on human cortical bone. Their results indicated that the factor analysis provided
more detailed information for the mineral. These two methods were also done to characterize the
chemical properties of neonatal bone [179] and de novo bone [181]. They further extended the
applications to investigate the effect of applied load on bone chemical properties [178, 180,
182-184, 188, 189]. In the small deformation case, they found that the small cracks created by
fatigue test were associated with regions of slightly different mineral compositions [178]. If the
deformation of the bone tissue was larger, small shifts in the bands of the collagen fibril matrix
could be detected by Raman spectroscopy[180, 183]. As shown in Fig 2.8, the measurements of
the center-of-gravity of the bands of the protein matrix of bone were correlated with bone
microstructure deformation. By tracking the changing of the center-of-gravity, the micro/ultra
structural deformation could be detected by Raman spectroscopy. As natural extensions, bone
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ultrastructure elastic deformation was also investigated by using a dynamic mechanical testing
system equipped with Raman spectroscopy[182, 184, 188, 189]. Chemical information of
subchondral bone taken from murine knee joint was also studied by using Raman spectroscopy.
Additional to Near-IR Raman spectroscopy, Kerr-gated time-resolved Raman spectroscopy and
Picosecond time-gated Raman spectroscopy were also used to optimize the Raman analysis of
bone tissue [185, 186]. Pezzotti and Sakakura also used Raman spectroscopy study the toughening
mechanisms in bone[192].
Figure 2.8 Center-of-gravity example. The small shifts of the interested bands were measured as
the offsets of the actual peak positions to the c.o.g
2.2.3.4 Other chemical composition analysis technique
XRD
More than half century ago, low-angle X-ray Diffraction (XRD) was already been used to
characterize the dimension of the crystallite in bone [193]. Since then, many other studies have
been done using XRD to characterize chemical properties of bone [194-198]. Bone and bone
marrow had different peaks in the XRD spectra as shown in Fig 2.9 and this fact was used to study
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the changes of BMD [195, 196] or the volumes of bone and marrow in trabecular bone samples
[194, 195]. XRD was also developed to study the microstructure of bone [199, 200], thermal
behavior of bone [201, 202] and the interface between bone and other materials [203-205].
Additionally, the internal stress and strain could also be measured by XRD [206, 207].
DEXA is the most widely used technology in clinic applications to measure bone mineral
density. The result of DEXA scanning of the patient is compared to a standard BMD value.
T-score, the number of standard deviations above or below the mean for a healthy 30 year old
adult of the same sex and ethnicity as the patient is used to determine whether or not the patient
has osteoporosis.
Although Dual Energy X-ray Absorptiometry (DEXA) is the most commonly used method of
assessing bone mineral density (BMD) in clinical applications [208-210]. Allday and Farquharson
study demonstrated that the Energy Dispersive X-ray Diffraction (EDXRD) has the potential as a
more accurate method [196].
Figure 2.9 EDXRD spectra illustrating reduction of bone to marrow ratio [196].
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SAXS
Another method used to characterize bone chemical properties was Small Angle X-ray
Scattering (SAXS) [211-219]. SAXS was mainly used to determine the sizes and orientations of
minerals and collagens in bone [211, 212, 214, 216, 218]. These results further confirmed the
preferred orientation of both mineral crystals and collagen fibrils in bone tissue. Similarly as
XRD, SAXS was also used to study the effect of heat on bone mineral change [217], interface
between bone and implant [219] and bone nano-scale deformation [215].
2.3 BONE IS A LIVING TISSUE
Bone is a living tissue which undergoes continuous remodeling consisting of osteoblastic
bone formation and osteoclastic bone resorption. This remodeling allows bone to change its
structure and composition in response to mechanical, biological, and chemical stimuli [1, 40, 49,
91, 156, 163, 169, 220, 221].
2.3.1 Bone Remodeling
The proper remodeling process could maintain bone quality and tighten orthopedic
implantation or prosthetic devices. However, the abnormal remodeling processes may lead to
several bone diseases including osteoporosis or cause the separation of prosthetic devices. So it
is important to have some models to understand and predict the remodeling properties especially
for the better diagnosis methods and proper design of prosthetic devices. In this section, some
basic information about bone remodeling such as the reason for bone remodeling, and the
remodeling process is reviewed and summarized.
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2.3.1.1 Why bone tissue needs remodeling?
The immature bone formed in the developing embryo is the woven bone type, which is
structurally inferior to mature bone. The immature bone will be replaced by a secondary osteon
bone after 2 to 3 years of age. The secondary bone also needs to be renewed and there are two
main reasons: mechanical response and chemical interaction. Bone is one of the load bearing
tissues. The osteon bone tissue deteriorates with time. To maintain and reinforce the mechanical
properties, this osteon bone needs to be replaced by new osteons. Meanwhile, the mineral
component, hydroxyapatite crystals, become dehydrated and lose their ability to interact with the
plasma as the osteons age. The requirement of continue interaction with the plasma in order to
maintain the mineral content level in the whole body requires continuous remodeling of osteon
bone too.
2.3.1.2 What is the process of bone remodeling?
There are three types of cells: osteoblasts, osteoclasts and osteocytes, which are activated
during bone remodeling process. Osteocytes are the strain sensors. These cells sense the changes
of strain and then activate osteoclasts and osteoblasts. Osteoclasts, the bone resorbtion cells, are
multinuclear large cells. They can resorb the bone tissue by forming a locally high hydrogen ion
concentration environment. The bone formation cells, osteoblasts, then synthesize and secrete
tropocollagen proteins into interstitial fluid to form collagen fibrils. These collagen fibrils are
further mineralized by the hydroxyapatite crystals.
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2.3.2 Fracture Repair of Bone
Fractures are readily healed in long bones, but injuries that create large gaps in bone are not
healed. These are called critical size segmental bone defects. In the case of large bone defect, the
insertion of autogeneous bone graft is generally required to heal the wound. However, this process
is traumatic for harvesting of bone and results in high morbidity at the donor site. Although
Stevens et al. [222] came up with a novel method using bioreactor to create engineered bone in
vivo, scaffolds made from varied materials, cellular transplantation and bioactive molecules have
been considered as more convenient methods and explored in various combinations to address the
problem in large bone defect repair [16, 23, 31, 223, 224].
2.3.2.1 Normal bone fracture repair process
At normal physiological condition, there is a balance between osteoblasts, the bone-forming
cells, and the bone-resorption cells, osteoclasts, to maintain the normal bone mass. The activities
of osteoblasts and osteoclasts can be triggered and enhanced by external forces to remodel bone,
which may make the bone stronger or weaker. This is also called Wolff’s law. There are two
injury-induced bone regeneration processes, intramembranous bone formation and endochondral
bone formation. For flat bones such as the bones of skull, the new bone tissue is developed by
direct differentiation of MSCs into osteoblasts, which is called intramembranous bone formation.
The long bones, such like femur, follow the endochondral development: the calcified cartilages are
first developed and then replaced by bone. BMPs, TGF-β, FGFs, are the examples of the growth
factors involved in bone repair. Fig 2.10 shows the process of the fracture repair if the defect size is
smaller than the critical size, beyond which the bone can not regenerate by itself. There are three
main steps. At first, fracture tears muscle, periosteum and blood vessels, leading to the formation
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of a fibrin clot. Then MSCs are activated in the mesenchymal stem cell layer of the periosteum and
endosperms and migrate into and proliferate in the dermatome. At last, MSCs proliferate to form a
soft callus that replaces the fibrin clot. These cells differentiate into chondrocytes that form the
template (blue in Fig. 2.10 ) for ossification and following the endochondral bone formation [29].
Figure 2.10 Diagram of fracture repair-case of defect smaller than critical size gap. Modified from
[29].
2.3.2.2 Scaffold
Bone scaffold, the product of tissue engineering, is the one of the most promising techniques
for bone defect repair. The artificial scaffolds combined with variety of growth factors and seeded
with osteoblasts or mesenchymal stem cells provide both mechanical support and spaces for cells
attachments and proliferations. Currently, most experiments designed to repair these defects seek
to directly deposit new bone on scaffolds seeded with stem or bone cells, treated with growth
factors, or combinations thereof. The general characteristics of these scaffolds include 3D porous,
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biocompatible or bioresorbable, suitable surface chemistry and mechanical properties. Individual
materials such as collagen matrix [17], polyurethane [19], silk fibroin [22] and others [4, 7, 14,
225] or different combinations [4, 5, 7, 14, 18, 20, 26, 27, 225, 226] have been evaluated as
scaffold materials. Various processes were tried to fabricate scaffolds. Solvent casting in
combination with particular leaching [5, 9, 19], melt molding [227], fused deposition modeling
[13, 25], electrostatic fiber spinning [228] and 3D inkjet [8] are some common used techniques as
shown in Fig 2.11. New methods including solid free form fabrication were also explored [11,
227]. It is very important to have optimal scaffold design because the scaffold features from
nano-scale to macro-scale all influence bone tissue response [6, 229, 230]. Therefore, analytical
and computational models [8, 10, 24] were also applied to help designing the complex, porous but
well controlled 3D structures as shown in Fig 2.11. After initial fabrication, surface modifications
were usually needed to promote bone cells to attach, grow and proliferate on scaffolds [5, 224,
231, 232].
Figure 2.11. Common techniques applied for scaffold fabrication. (from left to right: solvent
casting, melt modeling and fused deposition modeling) [19, 25, 227]
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Figure 2.12 Graphical illustrations of the two strategies. Left: strategy I; right: strategy II.[13]
Because bone is a load-bearing tissue, the scaffold for bone repair needs to serve as a
temporary mechanical support device as well, which means that the mechanical properties of the
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scaffold (at beginning) or the scaffold together with the attached tissue (during the repair process)
should be similar to the bone tissue. There are two strategies in scaffold design to fulfill this
requirement as shown in Fig 2.12 [13].
In the first strategy, the scaffold is degraded with the growth of the tissue, and the whole
system maintains the mechanical properties. Differently, the scaffold does not degrade until the
new regenerated tissue and secreted ECM has sufficient mechanical integrity to support itself. It is
important to find the optimal degradation rate not only because of the mechanical properties
considerations, but it is also possible to regulate the bone formation via controlled scaffold
degradation [12], which was affected by the composition and environmental conditions [28].
2.3.2.3 Cells and bioactive molecules
Bone formation cells (osteoblasts) and mesenchymal stem cells (MSCs) are most commonly
used cell associated with scaffolds [5, 15, 21, 233-236]. Stromal cells and bone marrow progenitor
cells are also candidates for scaffold cell seeding [16, 224, 237, 238]. MSCs are prevalent stem
cells in adult bone marrow and periosteum and they have the ability to differentiate into several
cell types such like osteoblasts, chondrocytes, myoblasts and stromal cells [235]. The fracture
healing process of long bones in human also indicates that it is necessary to give more credit to
MSCs in bone defect repair process compared to osteoblasts. Recently, Engler et al. [239] cultured
MSCs on substrates with different stiffness and found the MSCs prefer to differentiate into cell
type which has the similar stiffness as the substrate as shown in Fig 2.13. MSCs will differentiate
into osteoblasts and initiate osteogenesis on the 100 kPa substrate. Other protocols had been
developed to induce osteogenesis from MSCs [233, 234]. Lieberman and colleagues observed
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substantial healing within 8 weeks after implant the gene encoding rhBMP-2 transfected MSCs
with back to a large bone defect of the femur [235].
Figure 2.13 Tissue elasticity and differentiation of naïve MSCs (Modified from [239])
Among many bioactive molecules which are related to bone tissue formation, bone
morphogenetic proteins (BMPs) were well know to elicit bone formation [240, 241].
Transforming growth factorβ(TGF β) is another kind of bioactive molecules which could induce
endochondral bone formation [3, 222]. Ripamonti et al. [242] found human osteogenic protein-1
also promote bone formation.
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CHAPTER 3 AGE-RELATED CHANGES IN SWINE FEMORAL CORTICAL BONE
3.1 INTRODUCTION
As a biological material, bone is constantly under development. Biological processes such as
remodeling and aging are known to increase the susceptibility of bone to fracture [40, 220, 243].
The age-related changes in the fracture toughness and other mechanical properties are highly
influenced by the alteration of the bone structure and chemical compositions. Various studies have
been conducted to study the changes in the bone structure, composition and mechanical properties
due to aging. However, these studies are usually only focused on a single scale or an individual
aspects [5, 40, 42, 49, 91, 92, 123, 124, 156, 220, 244-252]. Experimental characterization of
cortical bone is highly affected by the two important characteristics of cortical bone, “Hierarchy”
and “Heterogeneity”and influenced by many other factors such as species, sex, age, and other.
Consequently, the experimental data is highly divergent and it is very hard to compare results.
Also, it is difficult to have a set of full bone characterization data for a given bone type, which
could be used as an input to a multi-scale model. Therefore, a systematic multi-scale experimental
work is needed to obtain comprehensive information on the age-related changes and the
relationships between the three aspects.
In this study, multiple techniques were used to characterize the structure, the chemical
composition and the mechancal properties of swine femoral cortical bone of different age. More
specifically, the tensile and compression tests and nanoindentation were used to measure the
mechanical properties of cortical bone from lamellar to tissue levels. SEM and micro-CT were
used to analyze the structures of bone and the chemical compositions were assesed by using ash
content method, DEXA and FTIR-MS.
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3.2 MATERIAL AND METHODS
3.2.1 Materials
Swine femurs aged 6, 12 and 42 months were obtained from the Animal Science
Department at the University of Illinois Urbana Champaign (UIUC). Soft tissues attached to the
bone diaphysis were removed by using periosteal elevator, scalpel and knife and bone tissues
were then immediately covered with PBS soaked gauze and freshly frozen at -20ºC for storage.
Prior to further sample preparation, these femurs were thawed at 4ºC overnight. Only
mid-diaphysis were used to obtain testing samples.
3.2.2 Mechanical Testing
3.2.2.1 Tensile testing
Sample preparation
The tensile testing samples were prepared in the following way. First, the mid-diaphysis
sections of the femurs were removed using a band saw. These sections were then cut into eight
pieces according to anatomical locations, which are named as proximal-posterior (PP),
proximal-lateral (PL), proximal-anterior (PA), proximal-medial (PM), distal-posterior (DP),
distal-lateral (DL), distal-anterior (DA) and distal-medial (DM). There are major tendon
connection sites in both DL and DM pieces, which make the cortical bone from these locations
more porous. Therefore, most specimens were fabricated from the remaining six pieces except for
two specimens from DM. These bone pieces were further cut into more regular pieces by a
precision diamond saw (Isomet 1000, Buehler Ltd, Lade Bluff, IL) and polished into strips of
desired thickness. These strips were then machined using a bench top CNC milling machine
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(Sherline Products Inc, Vista, CA) into a designed shape with the longest dimension corresponding
to the longitudinal axis of bone. Detailed tensile sample preparation procedure is listed in
Appendix A. The optimized sample shape and geometry, DR sample with 6 mm gage lengh and
radius of fillet of 12.75 mm (Fig. 3.1), were selected from study described in section 4.1. During
machining, the strip pieces were submerged in phosphate buffered saline solution to keep the
tissues hydrated. Altogether 63 samples were prepared, 21 for each age group.
Figure 3.1 Geometry of tensile testing samples
Testing Procedure
All specimens were tested using an MTS Insight 2 Electromechanical Testing System (2000
N load cell). A MTS extensometer (Model 632.26 B-80) with 5.08mm gage length was used to
measure the strain during the tensile testing. TestWork 4 was used to control the testing flow and
post process the testing data. Testing procedure was listed as follows:
1. Measured the width and thickness of the samples at several points along their
reduced-area section.
2. Placed the sample between the testing jaws, ensuring the sample is in the equally
adjusted position in the middle of the jaws with a dial caliper.
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3. Set the strain rate to 0.1mm/mm/min. Balance the load and set the gage length.
4. Started the crosshead and continue until break (90% load drop) was detected.
Load vs. displacement curves were recorded for each sample. The tensile stress at each
required data point was determined using Equ. (3.1) and the ultimate tensile strength and Young’s
modulus were calculated using Equ. (3.2) and (3.3), respectively.
/i iP A (3.1)
max /UT P A  (3.2)
 (3.3)
where iP and i are load and stress at data point I, maxP and UT are maximum load
before failure and ultimate tensile strength,A is the average cross-sectional area and E is the
tensile modulus of elasticity,  and are the differences in applied tensile stress and strain
between the two strain points.
3.2.2.2 Compression testing
Sample preparation
One femur from each age group was used to make compression testing samples and all
compression testing samples were prepared from the mid-diaphysis sections of the swine femoral
cortical bone. These diaphysis sections were cut into rings with around 11~15 mm in height.
Medical trephines with 3 mm inner diameter and 10mm in depth (MKG, RAL) were used to
extract cylindrical samples from the rings as shown in Fig 3.2. After extracted from the ring, the
cylindrical specimens were polished on both top and bottom surfaces to obtain 6 mm high
cylindrical specimens with parallel and smooth surfaces for testing. Minimum 6 samples were
prepared for each age group.
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Figure 3.2 Procedure of compression sample preparation
Testing Procedure
All samples were tested using an MTS Insight 2 Electromechanical Testing System (2000 N
load cell). TestWork 4 was used to control the testing flow and post process the testing data. The
specimens were placed in the center between two compression platens and loaded at a
0.1mm/mm/min strain rate until break (50% load drop) was detected. Load vs. displacement
curves were recorded for each sample. The ultimate compression strength ( UC ) and strain ( UC )
was the stress and strain value at the break point. The Young’s moduli under compression were
calculated using Equ (3.3)
3.2.2.3 Nanoindentation testing
Sample preparation
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Mid-diaphysis portions of each femur were cut and sectioned into small pieces using a band
saw and precision diamond saw (Buehler Isomet 1000, Buehler) under constant water irrigation.
Both longitudinal and transverse cross-section samples were prepared from each femur as shown
in Fig. 3.3. The coordinate system was defined in such a way that the long-axis of the long bone
is in the longitudinal direction and the circumferential cross-section is in the transverse plane.
After using silicon carbide abrasive paper with progressively finer grit size (P1200, P2400,
P4000) to grind the surfaces of each sample, the samples were then polished using 3μm, 1μm
and 0.25μmpolishing cloths. A final 0.05μm alumina suspension microcloth polish was carried
out to ensure a smooth surface ideal for nanoindentation.
Figure 3.3 Longitudinal and transverse cross-section sample positions - shaded region indicates
surface subjected to nanoindentation.
Nanoindentation testing
A Hysitron TI 900 TriboIndenter® was used to perform nanoindentation tests. The bone
samples were tested in a specially designed fluid cell which enabled full sample hydration during
testing. Optical microscope images were obtained using TriboIndenter optics to allow specific test
sites on each sample to be identified and test locations to be accurately positioned. Figure 3.4
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shows the main structural features of interest, including interstitial lamellae, circumferential
lamellae, and osteons. The osteon-like (layered hollow cylinders) features were also identified in
the longitudinal specimens and named as t-osteons. These are different from the type T osteons
discussed in [253] where the letter “T”indicates the transverse orientation of collagen fibers
within an osteon. Osteons were only identified in the 12 and 42 month old samples and t-osteon
structures were mainly found in the 42 month old samples.
Figure 3.4 Optical micrographs taken with at 10x showing structure of osteons, interstitial and
circumferential lamellae, and bright line structures.
Within the osteons (which we also refer to as osteonal bone), three to five successive thick
and thin lamellar layers together with the inner wall of the osteonal (Harvesian) canal were tested.
Similarly, in the circumferential lamellae (which we also refer to as circumferential lamellar
bone), three to five successive thick and thin lamellar layers of the dense zone and the bright line
zones were tested. Within the t-osteons only the thick and thin lamellar layers were indented. In the
interstitial regions (which we also refer to as interstitial bone), found between the osteons, we
could not easily distinguish different lamellae.
All samples were initially tested under fully hydrated conditions (PBS solution) and for
comparison the 42 month old samples were also left to dry and then re-tested to assess the
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mechanical properties of these microstructural features in a dehydrated state. A diamond fluid cell
Berkovich probe was used for all tests to ensure that any fluid meniscus force was kept to a
minimum, and all machine calibrations were carried out in PBS solution, not in air, which is the
more standard method. Table 3.1 lists the details of each test site and the number of indentations
for each bone type (interstitial bone, circumferential lamellar bone, osteons, t-osteons).
Table 3.1 Summary of nanoindentation experiments: location of each test site and number of
indentations placed at each location
6 month
Hydrated
12 month
Hydrated
42 month
Hydrated
42 month
dehydrated
Bone Age
Hydration Condition
Test site
T L T L T L T L
Interstitial Bone 7 9
Woven Bone 8
bright line 10 9 10 9 9
thick lamellae 12 14 12 15 17
CL
thin lamellae 12 9 11 6 14
inner wall 5 5 5 4
thick lamellae 7 11 16
Osteon
thin lamellae 12 8 11
thick lamellae 9 22 20T-osteon
thin lamellae 9 11 20
Total indentations 24 49 51 37 47 47 67 53
CL: Circumferential lamellae
For testing along the osteon inner wall (along Haversian canals), displacement-controlled
indents were used due to this region’s comparably “soft”and viscoelastic nature. For these
locations a load function with a five-second approach to 1000 nm displacement, 20-second hold
period, and two-second withdrawal to zero displacement was utilized. For all other test areas, 2000
µN load-controlled indents were applied using a five-second load, two-second hold and
five-second unload function.
All indents were performed using piezo automation positioning, which allows the user to
specifically and accurately define individual indentation locations on an image generated using
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in-situ Scanning Probe Microscopy (SPM) imaging. The mathematical model adapted from Oliver
and Pharr [106] as described in Chapter 2 was used to calculate the sample hardness ( H ) and
reduced Young’s modulus ( rE ). For a diamond indenter probe, E i is 1140 GPa andi is 0.07.s
= 0.3 was used as Poisson’s ratio of bone.
3.2.3 Structure Analysis
3.2.3.1 SEM imaging
Sample preparation
Samples with both transverse and longitudinal cross-sections were prepared for SEM
imaging for all three age groups Similar to nanoindentation sample preparation, the surfaces of
the samples were polished by using silicon carbide abrasive paper with progressively finer grit
size (P1200, P2400, P4000). Samples were then polished using 3μm and 1μm and 0.25μm
polishing cloths. Following chemical treatments were then used to fix and dry the tissue:
1. Immersed in 3% hydrogen peroxide solution 48 h
2. Rinsed with distilled water
3. Defatted in 50:50 methanol/chloroform solution for 24 h
4. Put in a 5% Trypsin solution for 48 h
5. Repeated step 2 and positioned the samples on small aluminum SEM sample stands with
carbon tapes
6. Dried samples in a desiccator for 48h.
7. Coated with 20nm 60:40 gold-Palladium
Testing Procedure
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Samples were coated with a thin layer (20nm) of 60:40 gold-palladium for SEM imaging. A
JEOL 6060LV SEM system was used to obtain SEM images. Samples were first imaged under low
magnification (~40X) to capture structure characteristics such as the type and distribution of
lamellae. Interested spots with special features such as cavities, osteons and circumferential
lamellae were then observed under high magnifications.
3.2.3.2 Micro-CT imaging
Sample preparation
Three rings with approximate 20 mm in height were cut from the mid-diaphysis sections of
the three swine femurs (one for each age group) by using a bandsaw. Bone marrow and other soft
tissues were removed before CT scanning. Samples were covered in PBS soaked gauze before CT
scanning.
Testing Procedure
Bio-CT (Xradia, concord, CA) was used to obtain 3D CT images from these bone samples at
30μm resolution. Amira 5 (Visage Imaging Inc, San Diego, CA) was used to do post analysis.
3.2.4 Chemical Composition
3.2.4.1 Ash content
Sample preparation
Samples for ash content method were small bone pieces around 5mm3 and these cubic bone
pieces were cut from mid-diaphysis sections of femurs by bandsaw and precision diamond saw.
Five samples were prepared for each age group.
Testing Procedure
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There were two processes which were used to measure water content and mineral content,
respectively.
A. Water content
1. Soaked the samples in PBS for 12 hours to rehydrate the tissue. (In case any dehydration
during the preservation)
2. Used tissues to remove redundant water on the sample surface
3. Measured the wet weight. WW
4. Dried the samples in oven overnight at 105ºC
5. Measured the dry weight. 1DW
B. Ash contents
1. Dried crucibles in oven for half an hour at 105 ºC
2. Cooled the crucibles in desiccator
3. Measured the dry bone weight 2DW
4. Measured the crucible weight CW
5. Preheated the furnace to 600 ºC and keep the crucibles with bone samples inside for 2
hours at
6. Cooled the crucibles in desiccator
7. Measured the crucible+sample weight C SW 
Calculation
The water and ash content were calculated using Equ (3.4) and (3.5), respectively.
1% 100%W D
W
W WMoisture
W
  (3.4)
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W WAsh contents
W
    (3.5)
3.2.4.2 DEXA
Sample preparation
The DEXA samples were prepared from the middle most part of nine swine femur
mid-diaphysis, three femurs for each age group. Circular ring samples with thickness ranging
from 3mm-7mm were cut by using bandsaw and then polished to create uniform thickness. Two
additional samples (one from 12-month group and the other from 42-month group) were also
prepared with large thickness to investigate the effect of thickness to bone mineral density
(BMD) measured by DEXA.
Testing Procedure
The samples were placed in a container and submerged in water. The DEXA measurement
was completed by using a DEXA () system. After scanning, regions of interest were manually
selected from the images and the BMD was calculated from the areas and the bone mineral
contents (BMC) values. The thicknesses of the regions of interest were then measured by a
caliper to normalize the BMD..
3.2.4.3 FTIR
Sample preparation
Small cortical bone fragments from the mid-diaphysis of the femurs were prepared by using
bandsaw and precision diamond saw. The samples were fixed in 70% ethanol and then dehydrated
through a serial concentration of ethanol. After infiltrated by methacrylate monomer, the bone
tissues were embedded in polymethyl methacrylate (PMMA) and cut into 5 um thick sections
48
using a Leica RM2255 rotary microtome (Leica Microsystem Inc. Bannockburn, IL) with a
tungsten carbide blade. These thin bone sections were placed between two barium fluoride
windows for FTIR imaging. Detailed FTIR sample preparation procedures were listed in
Appendix B.
Testing Procedure
The FTIR spectra were collected on a Spectrum Spotlight 200 FTIR Microscope System
(PerkinElmer Inc,Waltham, MA). Spectra in 750-2000 wave number were collected in
transmission mode at 4 cm-1 resolution. The pixel size was 6.25um x 6.25um. Envi 4.0 software
was used to do post-scan data analysis. Bone microstructures such as osteons, circumferential
lamellae and interstitial lamellae were first identified from the spectrum images. After the baseline
correction and background removal, a use-defined program in ENVI 4.0 was used to obtain five
bone composition parameters for these bone structures as listed in Table 3.2.
Table 3.2 Five bone composition parameters studied by FTIR.
Parameters Peaks area ratio
Mineral : Organic Ratio 900-1200:1585-1720
Collagen Crosslink (Nonreducible:
reducible collagen crosslink ratio) 1660:1690
Crystallinity 1030:1020
2- 3-
3 4CO /PO 860-890:900-1200
2- 3-
4 4HPO /PO 1117:900-1200
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Figure 3.5 A schematic representation of the data collection lines for spectral analysis
To diminish the variation due to the uneven sample thickness, only the parameters which
could be expressed as ratios were studied here. For each bone microstructure, these qualitative
parameters were collected along two lines crossing the center as shown in Fig 3.5. Each line is 125
um in length. Altogether, osteons, circumferential lamellae and interstitial lamellae were collected
and Table 3.3 lists the area distribution for each age group sample. Interstitial lamellae were only
identified in 42-month samples
Table 3.3 FTIR measurements in bone microstructures
Bone structure 6-month 12-month 42-month
Osteons 5 10 5
Circumferential Lamellae 5 10 5
Interstitial lamellae NA NA 10
3.3 RESULTS
3.3.1 Mechanical Testing
3.3.1.1 Tensile testing
The tensile testing results of these three age groups swine femoral cortical bone samples are
presented in Fig 3.6. Both Young’s modulus and ultimate tensile strength increased along bone
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becoming more mature while ultimate tensile strain decreased with age. Appendix C lists the raw
date of the tensile testing.
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Figure 3.6. Tensile testing results of swine femoral cortical bone with different age (a) Young’s
modulus, (b) ultimate tensile strength (c) ultimate tensile strain
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Figure 3.6 (Cont.)
3.3.1.2 Compression testing
The compression testing results are shown in Fig 3.7 Similar to tensile testing results,
ultimate strength increased with age while mature bone yielded lower ultimate strain. The
modulus measured from the compression testing were considerable lower than results from
tensile testing. 42-month samples had highest modulus values while the modulus of 12-month
samples was lower than 6-month samples. Raw date of the compression testing is also listed in
Appendix C.
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Figure 3.7 Compression testing results of swine femoral cortical bone of different age. (a)
Young’s modulus, (b) ultimate tensile strength (c) ultimate tensile strain
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3.3.1.3 Nanoindentation
Fig. 3.8 showes the SPM image of the circumferential lamellae and concentric lamellae
(osteons) before and after indentation.
Figure 3.8. Topographical 40 μm SPM images of tested areas of circumferential lamellar dense
zone and osteonal bone. A. Circumferential lamellae before indentations; B. Osteon layers before
indentations; C. Circumferential lamellae after indentations; D. Osteon layers after indentations.
The triangular shaped marks are the residual indent impressions.
The indentation moduli and hardness results are summarized in Figs. 3.9-3.11. In Fig 3.9, we
compared the moduli and hardness of different structural components (circumferential lamellae,
osteons and t-osteons) from all three age groups. The indentation modulus and hardness of the
osteon inner wall measured on the 6 month old sample was three orders of magnitude lower than
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the other results (E = 12.87±1.18 MPa and H = 1.32±0.14 MPa). Therefore, we did not include
these results in Figure 3.9.
Figure 3.9 Indentation results illustrating the change in mechanical properties as a function of
structural component and age of bone. Standard error used as error bars.
One-way ANOVA combined with Tukey method was used to analyze the data. At p=0.05
level, there were significant differences between the indentation moduli of all bone’s
microstructural components for all age groups with the older samples continually yielding higher
moduli except for circumferential lamellar bright line and t-osteon thick lamellae. For the
circumferential lamellar bone, the 12 month sample bright line modulus was 57% higher than the 6
month sample; however there was no significant difference between 12 and 42 month samples.
Both thick and thin lamellae of the circumferential lamellar bone demonstrated strong correlation
to age of bone. The 42 month old samples had a 56% higher modulus than the 12 month samples
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and the 12-month old samples yielded a 54% higher modulus than the 6 month samples. The thin
lamellae within the 42 month old bone showed a 76% increase from the 12 month bone, and this
showed a 34% increase from the 6 month sample. The inner walls of the osteon gave a modulus
of 7.98 ±1.14 GPa for and 42 month samples and 4.19 ±0.55 GPa in the 12 month samples. The
thick lamellae in the 42 month old sample showed a 59% increase in modulus and 46% increase in
modulus for the thin lamellae when compared to the 12 month sample.
Figure 3.10 Indentation results showing change in mechanical properties at different structural
locations for the 12 month old sample as a function of indentation orientation. Error bars indicate
standard error.
The hardness followed the same general trend as the modulus results, where there was an
increase in hardness with increasing age. Figure 3.10 showes the moduli and hardness values
from the circumferential lamellae of 12 month old samples tested under different loading
orientations. The bright line had a significantly higher modulus in the longitudinal direction than in
the transverse direction while the transverse modulus was much higher than the longitudinal
modulus for thin lamellae. No significant difference was found between the moduli measured from
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thick lamellae in different orientations. Hardness measured along the longitudinal direction was
significantly lower than in the transverse directions for all indent locations.
Besides the thick and thin lamellae of circumferential lamellar bone, all dehydrated samples
demonstrated a significantly higher indentation modulus than the hydrated samples as shown in
Fig. 3.11. The dehydrated interstitial bone had a 21% higher modulus than the hydrated sample.
The circumferential lamellar bone showed no significant differences in modulus of thick and thin
lamellae when hydrated or dehydrated; however, the bright line areas showed a 71% modulus
increase when dehydrated. The dehydrated osteon inter wall modulus was 255% higher than that
of the hydrated sample and the thick and thin lamellae had a 18% and 27% modulus increase,
respectively, after dehydration. The modulus of the t-osteon thick and thin lamellae were 76% and
110% times higher for the dehydrated samples and a comparison of the hardness of wet and dry
samples yielded similar trends.
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Figure 3.11 Indentation results showing mechanical properties as a function of structural
location for 42 month old bone in hydrated and dehydrated conditions. Error bars indicate
standard error.
3.3.2 Structure Analysis
3.3.2.1 SEM
SEM images of these three age groups of swine femoral cortical bone samples revealed large
differences as shown in Figure 3.12. Woven bones together with many 200 μm in diameter large
absorption sites were the main structural components observed in a 6 month sample. In 12-month
samples, circumferential lamellar bone was the dominant cortical bone lamella type while the
major lamella type in 42-month samples was osteons. These large cavities led to highest porosity
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for 6-month samples among three age groups. The porosity of 42-month samples was smallest
while porosity of 12-month samples was in between the other two age groups.
Figure 3.12 Low magnification SEM images of three age groups swine femoral cortical bone.
6-month
The most significant characteristic of the 6-month samples found in the SEM images was the
presence of many resorption sites. In Figure 3.13, an osteoclast, bone resorption cell is found
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inside the cavity. Figure 3.14 showes a bone surface under remodeling. Top part of the surface was
smooth and filled with fine mineralized collagen fibrils while bottom part had a very rough surface
as the result of osteoclastic resorption.
Figure 3.13 Osteoclast cell located inside the cavity
Figure 3.14 Bone surface under remodeling
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12-momth
12-month samples showed a very special combination of bone microstructures.
Circumferential lamella, which only appeared in periosteum and endosteum regions in other two
age groups, was the main microstructure found in this age group as shown in Fig 3.15..
42-month
42-month samples images showed the typical characteristics of mature cortical bone as
described in section 2.1: a dense solid structure with osteons together with interstitial lamellae.
The mineralized collagen fibril aligned in preferential orientation in osteonal layers are shown in
Fig 3.16.
\
Figure 3.15 Circumferential lamellae dominant 12-month cortical bone sample surface
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Figure 3.16 Mineralized collagen fibrils in osteon layers (42-month sample)
3.3.2.2 Micro-CT
The reconstructed 3D CT images, shown in Figure 3.17 and Figure 3.18-3.20, were the
sequenced orthoslices of these three age groups samples. Generally speaking, from 6 month to
42-month, the cortical bone had increased diameters while the thickness of the cortical bone shell
was reduced.
(a) (b) (c)
Figure 3.17 3D CT images of three age groups
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Figure 3.18 Micro-CT slice images of 6-month sample
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+
Figure 3.19 Micro-CT slice images of 12-month sample
In both 6-month and 12-month samples, some regions revealed high density bone while other
regions had loose cortical bone tissues. Those loose regions were the locations where ligament
connected to the bone tissue. As described in section 3.2.2.1, these regions were not used in any
mechanical testing. 42-month sample did not demonstrate large variation of the bone structure,
but trabecular bone tissues were identified near the endosteum regions.
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Figure 3.20 Micro-CT slice images of 42-month sample
3.3.3 Chemical Composition
3.3.3.1 Ash content
The ash content results are listed in Table 3.4. Water content decreased while mineral
contents increased when bone became more mature. The changing percentages were also different
for those two parameters. There were 27% and 15% decreases of the water content compared
6-month samples with 12-month samples and the 12-month samples with 42-month samples,
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respectively. However, the differences of the ash contents between these three age groups were
less than 1%.
Table 3.4 Ash content results
Age Moisture contents (%) Ash contents (%)
6 month 16.22±0.44 70.08±0.52
12 month 13.99±2.45 70.12±1.41
42 month 11.85±1.36 70.69±1.94
3.3.3.2 DEXA
The images of DEXA measurement are shown in Fig. 3.21. and Fig 3.22 demonstrate the
regions of interest for each samples.
6m1 6m2 6m3
12m1 12m2 12m3
12m3
(Thick)
42m1
42m2
42m3
42m1
(Thick)
Figure 3.21 Sample images of DEXA measurement
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Figure 3.22 Regions of interest of DEXA samples
Fig. 3.22 is the DEXA results measured from three age group swine femoral cortical samples.
The measured BMAD increased from 0.70 to 0.78 gram/cm from 6-month samples to 42 month
samples. One-way ANOVA analysis indicate that there is a significant difference between the
means of the BMAD of three age group (p=0.007).
67
6m 12m 42m
0.05
0.06
0.07
0.08
B
M
A
D
(g
ra
m
/c
m
3
)
BMAD
Figure 3.23 DEXA results
3.3.3.3 FTIR
The age-related changes of the five bone composition parameters measured by FTIR are
shown in Fig 3.24. For osteons, the ratio of mineral: organic increased with the age while the
collagen crosslink ratio decreased when the bone turned more mature. The carbonate: phosphate
ratio also decreased with age. The 12-month samples demonstrated the highest acid phosphate:
phosphate ratio. Compared with osteons, results of circumferential lamellae indicate smaller
age-related changes for these bone parameters. Only the mineral: organic ratio has a weak increase
trend with age.
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Figure 3.24 Age-related changes on bone composition parameters of osteons and circumferential
lamellae measured by FTIR.
Fig. 3.25 showes these bone composition parameters for different bone types for different age
groups. In the youngest group, the mineral: organic ratios of osteons and circumferential lamellae
were in the same range. Osteons demonstrated higher crosslink ratio, crystallinity and carbonate:
phosphate ratios. The acid phosphate: phosphate ratio for12 month samples showed a similar trend
except that the new osteons had a higher mineral: organic ratio. In the mature 42-month samples,
circumferential lamellae had the lowest mineral: organic ratio and crosslink ratio. The
crystallinities were similar for all three types of bone while the circumferential lamellae yielded a
slight higher carbonate: phosphate and acid phosphate: phosphate ratios.
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Figure 3.25 Comparison of the bone quality parameters for different bone microstructures for
different age group
The raw data of ash content, DEXA and FTIR are listed in Appendix D.
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3.4 DISCUSSION
3.4.1 Mechanical Testing
In the past, different mechanical testing methods have been employed to measure the
mechanical properties of bone in various species [254, 255]. However, although swine has been
used as a good model to study human related diseases, there is a lack of information on the
mechanical properties of swine bone tissues [256, 257].
3.4.1.1 Tensile and compression testing
The tensile properties measured using swine femurs were in the simlar range compared with
other animals. Young’s moduli varying from 15.2-23.6GPa were compatable to the moduli
measured from human and bovine femurs while the ultimate tensile strength and strain were
relatively lower than those in other species. Moduli measured using compression testing were
much lower compared with the results from [68, 69]. The large discrepancy may be mainly due
to the end effect during specimen preparation [258]. However, because the strain measurements
were based on the relative displacements of the two loading platens, other artifacts may also play
a big role here [71]. Nevertheless, the ultimate compression strength resuts measured from the
compression testing were reliable and therefore were used for further analysis.
3.4.1.2 Nanoindentation
This study was based on the assumption that bone is a linear elastic material [106]. Fan et al.
[114] demonstrated that, due to the anisotropic nature of bone tissue, the Oliver-Pharr method can
miscalculate the area of contact during the test. Therefore, the indentation modulus is given instead
of the elastic modulus. The test conditions were wet, as realistic as possible by immersing samples
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in PBS solution. However, the viscoelastic/poroelastic characteristics of bone [103, 259] were not
fully considered in the calculation of the properties. Considerations such as using an increased
hold period at peak load to help stabilize the materials creep response were used to try to minimize
some of the inherent viscoelastic error when using the Oliver and Pharr method of analysis. In
terms of the experimental limitations, the heterogeneity of bone at single lamella level [40, 90] was
not considered in this study. Additionally, although the multiple indentations were made on each
structural component within the cortical bone, only one sample was prepared from each of the
three age groups of porcine bone.
The main objective of this investigation was to study the effect of age on the mechanical
properties of the individual microstructural components within bone, such as interstitial lamellae,
circumferential lamellae, osteons (concentric lamellae) and t-osteons. Nanoindentation was
successfully used to measure the indentation modulus and hardness of each component and the
results clearly indicated significant changes in both indentation modulus and hardness as a
function of age. In general, the cortical bone became stiffer and harder as the age of the animal
increased. However, it is important to note that this developmental effect was not uniform
through the bone microstructure. The mechanical properties of a material are known to correlate
to its structure and chemical composition and there have been studies showing the mechanical
properties of bone as correlated with mineral content [88, 89].
In general, the moduli of dehydrated samples were significantly higher than those of the fully
hydrated samples with a 21.6% modulus increase in the interstitial bone and 22.6% increase in the
osteonal bone. This is consistent with the previous observations in Goldstein et al.. [109] which
showed that the dry bone is 22.6% stiffer than the wet bone. The average modulus of the
circumferential lamellae (bright line, thick and thin lamellae) were 25.6% higher when the
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dehydrated ones which corresponds to the range of 20-30% suggested in [97, 260]. For the
t-osteon, a 93.6% higher modulus was measured when dehydrated, showing a much greater effect
than the other components on the hydration level. This suggests that the water content within this
structural component was much higher than within the other structural components. For the
hardness characterization, tests on the interstitial bone yielded no significant mechanical property
differences between the hydrated and dehydrated conditions, although Rho and Pharr [261]
reported a 17% increase. The reason for this discrepancy may be due to their hydration method
involving deionized water which can demineralized bone, whereas the fluid used in this
investigation was PBS which contains minerals which prevent this effect.
One of the important goals of this dissertation research was to study the effects of age and
drying on the different microstructural components of cortical bone. We separated the bone tissue
structures by the following categories: interstitial bone, circumferential lamellae, osteons and
t-osteons and then studied these individual substructures. For example, in the circumferential
lamellar bone the properties of the three sub-level structures (sub-microstructures) were measured,
namely: the bright line, thick lamellae, and thin lamellae. The variation in modulus and hardness
within these sub-level structures were different enough to research them individually.
The importance of studying the sub-microstructures was highlighted when a 25.6% average
increase in modulus was shown in the circumferential lamellar bone. This was in the range
suggested by [260]. However, it became obvious that the major contribution to this increase was
from the bright line (71.5% increase) while there were no significant differences between the
moduli of thick and thin lamellae in hydrated or dehydrated conditions. This variation of the
modulus and hardness may be explained by the distribution of mineral content [89].
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The indentation results from the osteon inner wall were all lower than for the other
components and this was most significant in the 6 month samples, where the modulus and
hardness were several orders of magnitude lower. The effect of drying on the properties of the 42
month old samples was also more significant than in other components. When the structure of the
osteon inner wall was studied using SEM (Fig 3.26), it became apparent that the inner wall tended
to consist of the newly developed collagen fibrils which were not yet fully mineralized. There was
also a thicker layer of water on top of the inner wall, which may have contributed to the lower
properties.
Interestingly, the properties of local components of cortical bone in the longitudinal direction
were smaller than those in the transverse direction while all previous studies addressing the
measurements of anisotropy of bone using nanoindentation had opposite observations [85, 86, 99].
This investigation compared the properties of the circumferential lamellar bone in the
longitudinal and transverse orientation while the results in the literature referred to test sites as
osteon and interstitial bone. This suggests that the anisotropic characteristics of the
circumferential lamellar bone may be different than for the osteonal and interstitial bone. It is
also important to remember that the anisotropy at the lamellar scale is mainly due to the different
preferential orientation of the mineralized collagen fibrils [262]. Therefore, to actually measure
the anisotropy of a single lamella, it is necessary to measure the same lamella in both
longitudinal and transverse orientations, which was not the case in previous literature studies.
This condition should be satisfied at an even higher scale such as at the circumferential lamella.
Rho et al. [84] reported that there was a negative correlation between the osteon thick lamellar
properties along the distance to the osteon center and that the similar bone structure components
(thick lamellae in [84]) at different locations (distance to the center of Haversian canal) may also
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have different properties. If the indented areas were limited, accidentally, the transverse
orientation properties could have been obtained from stiffer/harder bone structure components
(thick and thin lamella of circumferential lamella for instance) which may lead to higher values
than those values measured in a more compliant, softer lamella, and vice versa. As a result,
special attention is needed when interpreting the measured properties in the longitudinal and
transverse orientations with the anisotropic characteristics of bone microstructural components.
Figure 3.26 SEM images showing osteon inner wall structure. Increasing magnification in the
right image shows newly the developed collagen fibrils.
Figure 3.27 Sketch of the possible relationship between an osteon and t-osteon.
Cutting Plane (longitudinal cross-section)
Osteon
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Although our results showed that the hardness of interstitial bone was higher than that of the
osteonal bone, which is consistent with other studies [79, 83, 85, 109], the stiffness values of these
two types of bone were not significantly different in the 42-month samples. One interpretation is
that due to the high volume fraction of the osteon bone, the tested interstitial bone may actually
overlap with the osteon region.
In this study, t-osteon identification may not have been completely accurate. One possible
explanation is that some osteons may not be perfectly aligned in the longitudinal direction, and the
t-osteons which we observed in the longitudinal cross-section samples were simply the projections
of the osteon in the face as shown in Fig. 3.27. However, this explanation was challenged by the
large difference between the mechanical properties of the t-osteons and osteons. Another
possibility is that these t-osteons could be Volkmann canals. Nevertheless, it is worth to note that
these features were mainly found in the 42-month samples, which indicates that they were newly
developed microstructures in the mature bone. In terms of experimental limitations, the
heterogeneous nature of bone in the single lamella level was not considered in this study.
Additionally, although the multiple indentations were made on each structural component within
the cortical bone, only one sample was prepared from each of the three age groups of porcine bone.
3.4.2 Structure analysis
SEM is a very convenient and promising technique which can be used to study the structure
of bone from micro to macro scale. Different bone microstructures could be identified from the
SEM images in the tissue level. It was not a surprise to find that woven bones with large cavities
were the main structure component in 6-month samples. Woven bone is the initial type of bone and
these large cavities are the results from a high remodeling rate at such age. Animal was in the
process which remodeled the woven bone into stronger bone type, osteons. The high volume
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fraction of circumferential lamellae in 12-month samples brought several open questions about the
process of bone remodeling. Was circumferential lamellae a middle stage of bone remodeling
from woven bone to osteons? How did bone transform from woven bone to circumferential
lamellae then to osteons? How long will animal need to finish this process? To fully understand the
remodeling process and answer those questions, more samples made from the femurs with the ages
in between 6 months, 12 months and 42 months should be examined. 42-month samples presented
the characteristics of mature bone similar to other bone types [254, 263, 264]. Osteons occupied
more than 70% of the whole tissue volume One interesting observation was made from the
longitudinal orientation samples. Many osteons-like structures were found in the transverse cross
sections referred in nanoindentation testing as t-osteons. Still, one possible explanation was due
to the misalignment of the osteons as shown in Figure 3.21. It was also possible that these t-osteons
were actual Volkmann channels, which are usually aligned perpendicularly to osteons [264].
Micro-CT is another powerful tool which was used to access bone structure information.
With the development of the new micro/nano CT systems, it has great potential to evaluate bone
structural and chemical information in very high resolution. The portions of the diaphysis with the
ligament connection sites were selected in this study. In our results, the anatomical differences in
structure were clearly presented. Both very dense and loose cortical bone tissues were identified.
However, the attempts to measure the porosity through the micro-CT imaging were not feasible at
this time due to the gradient intensity. From periosteum to endosteum, the intensity decreased
which caused the intensities of bone at endosteum similar or even lower than the intensities of void
in the middle region. This phenomenon may be due to the high level of mineralization at the
periosteum region but it may also be the result of the ring artifact in the high resolution micro-CT
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system. More post analysis and artifact-removal algorithms should be used to obtain quantitative
information from the micro-CT measurements.
3.4.3 Chemical composition
3.4.3.1 Ash Content
Although the information we could obtain from ash content method is limited, it is still a very
useful techniques due to the easy sample preparation and testing procedure. The water content
decreased more than 26% from 6-month to 12-month and there was a 15.3% decrease in water
content comparing 12-month with 42-month samples. One possible reason of the reducing tread in
water contents was the increase of the mineral: organic ratio. Most water was associated with the
organic matter in bone tissue, therefore, the higher mineralization level was, the smaller amount of
water was. However, because the ash content results did not show big differences of the mineral:
organic ratio, the large differences of the water content may be mainly due to the different
porosities in these three age groups of bones. One step in this experiment was soaking the samples
in PBS to rehydrate the tissue. After this step, only the water on the sample surfaces was wiped off
while the water inside these pores stayed. Large porosity means more space for water. Therefore,
the higher water content in 6-month sample implied higher porosity which is confirmed by SEM
and micro-CT analysis.
The average ash content was around 70% for all three groups. This value was higher than
some other measurements made on mouse bone and fetal cranial bone [76, 138] but comparable to
bovine bone results [68]. It is interesting to note that the variation of the ash content was very small
among these age groups samples.
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3.4.3.2 DEXA
The measured BMD is the ratio of the bone mineral content (BMC) to the measured area.
Our results clearly indicate that the BMD is affected by the sample thickness. To overcome the
effect of the thickness, BMAD, which is the ratio of the BMD to the thickness, is used to
evaluate the bone mineral level of the samples. Similar to the ash content results, BMAD
increase as animal getting more mature. Along the growth, more mineral content is absorbed
from food and then deposits in the bone tissues.
It is worth to note that the correlation of the BMD and the thickness is nonlinear. In both
12-month and 42-month groups, samples from same femur but with different thickness yield
different BMAD. In order to capture the nonlinear correlation, more sample with different
thickness need to be tested.
3.4.3.3 FTIR
Five chemical composition parameters were measured in the three age groups cortical bone
samples. Instead of averaging the results for whole bone tissue [151], we focused on the
age-related changes of the chemical composition on individual bone microstructure.
It stated in [145] that for normal bone, there is an increase in mineral: organic ratio,
carbonate:phosphate ratio, crystallinity and collagen maturity until the individual reaches a peak
bone age. Gourion-Arsiquaud et al. further confirmed these trends. Our results only showed a clear
increase in this trend for mineral: organic ratio with age. That was true for both osteons and
circumferential lamellae. The osteons collagen cross-link and carbonate: phosphate ratio results
were striking; they all decreased with age. There were no linear trends for these parameters of
circumferential lamellae. Interestingly, 12-month samples demonstrated the highest acid
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phosphate: phosphate ratios for both osteons and circumferential lamellae. These controversial
trends could be attributed to the large standard deviations for most measurements. Except for
crystallinity, all other parameters had relatively high standard deviation, from 5% to 34%. The
large deviation with same bone structure within one samples could be explained by the concept of
tissue-and animal-age [156]. For instance, in the 42-month samples, osteon was the main type of
lamellae. Those osteons had different tissue age. Some osteons may have formed several months
even years ago while others were brand new. Continuous bone remodeling process strongly
modified the tissues and it was one of the reasons to explain the heterogeneous nature of bone. In
this study, to reduce the effect of variation of tissue age, for each type bone microstructures at least
5 specimens were selected for each bone type in each age group.
3.4.4 Structure and composition determined mechanical properties
This was the first time that the multiple techniques were used together to characterize the
age-related changes in mechanical properties, structures, and chemical compositions of swine
femoral cortical bone. The age groups selected in this study represented the typical timeline for
bone tissue from immature to mature and it was a reverse process compared with aging. The
experimental results demonstrated a strong dependence of mechanical properties on structure and
chemical compositions. The increase of Young’s modulus in both micro and macro levels was
the outcome of increased mineral content or mineral: organic ratio. Meanwhile, with the decrease
of the ductile collagen organic content with age, bone tissue became more stiff but brittle. This
explained why both ultimate tensile strain and compression strain decreased with age. The higher
porosity in young bone implies more stress concentration locations where micro-cracks usually
initiate. The accumulations of these micro-cracks would lead to failure eventually during a
tensile testing and that’s why tensile strength increases with age.
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3.5 CONCLUSIONS
In this study, we had a comprehensive and systematic study on these swine femoral cortical
bone tissues to address the age-related changes in all three aspects: structure, composition and
mechanical properties. Starting from young age (6 month) to intermediate age (12 month) and
more mature age (42 month), swine femoral cortical bone demonstrated a strong dependency of
the mechanical properties on structure and chemical composition which all changed with age.
Diameters were increased while wall thickness were decreased with age in these swine femurs. To
support more weight in older age, the animals need stronger bone. Two approaches were employed
to increase the mechanical properties. Bone types were changed during the remodeling process.
Woven bone (6 month specimens) were replaced by circumferential lamellae first, and remodeled
into more superior lamellar bone, osteons (42 month specimen) eventually. The side product of
the remodeling is the change of porosity. 6-month bone had highest porosity because of the large
cavities due to bone resorption. Porosity in 42-month samples is mainly from the contribution of
Haversian canal, lacuna and canalicula. It was first time that circumferential lamellae were found
out to be the major bone type and it was not clear what kind of special roles the circumferential
lamellae played during the remodeling process. Second reason for the increase in the mechanical
properties of bone was changing of the chemical compositions. More mineral was deposited into
the bone tissue represented by the increase of the ash contents and mineral: organic ratio
measured by FTIR. More experiments will be carried out to obtain more data on these three age
groups swine cortical bone tissue to better understand the age-related changes in structure,
composition and mechanical properties. These experimental data will serve as the inputs for the
multi-scale micromechanics model to predict the elastic modulus and ultimate strength. More
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importantly, swine has similar size and weight as human, the result will also help to build some
insights on maturing (aging) effects on human bone.
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CHAPTER 4 MORE MECHANICAL TESTING ON SWINE FEMORAL BONE
4.1 EFFECT OF SAMPLE GEOMETRY ON TENSILE PROPERTIES OF CORTICAL
BONE
4.1.1 Introduction
Tensile testing is one of the most widely used methods for measuring mechanical properties
of materials and it has been employed to measure Young’s modulus, ultimate tensile strength and
other properties of cortical bone. Measurement of mechanical properties of bone is a challenging
task as the properties depend on age, anatomical location, orientation, preservation method,
specimen preparation, and testing conditions. Additional challenges include the fact that cortical
bone is anisotropic, spatially heterogeneous, and there is a limited amount of tissue available for
testing. This becomes more of an issue for testing of transverse properties of cortical bone. Some
standards, such as the American Society for Testing and Materials (ASTM) standards, were
established for tensile testing of different engineering materials. However, in the case of bone,
there are no existing standards for tensile testing of cortical bone. A number of researchers [42, 47,
51-53] used same or similar dumbbell shaped specimen geometries as Reilly et al.[39], but other
specimen shapes were also considered [38, 43, 49, 54-56]. Thus, it is difficult to compare cortical
bone tensile testing results when different specimen geometries are used, which leads to the need
to determine an optimum specimen geometry.
The most common specimen shapes that have been used for tensile testing are rectangular
(strip) and dumbbell shapes. Strip specimens have three control parameters: gage length, width
and thickness. They are easier to fabricate than dumbbell specimens, which also reduces the
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alteration of bone properties due to the heat produced by machining. The dumbbell shaped
specimen has a reduced cross-sectional area (gage section) in the middle portion of the specimen to
reduce chance of failure at grips. Two types of transition shapes between gage and grip sections
have been used. One type, described in Reilly et al. [39], has the grip-gage sections directly
connected by straight edges, creating sharp corners, with 4.76 mm (3/16’’) radius of fillet formed
by the end mill. The rounded corner or arc shaped transition region is another type of transition.
Researchers usually do not report radius dimensions used in their tensile specimens [44, 45, 48, 49,
52, 53, 68, 255, 265], while Robin and Simkin [38] used 12.5 mm and Harvey et al. [43] used 4
mm as the radius of fillet.
The present section focuses on the effects of sample shape and dimensions on the ultimate
tensile strength of cortical bone. The following questions are investigated.
1. What is the optimum shape for cortical bone tensile testing: strip or dumbbell?
2. What are the optimal sample geometry parameters for cortical bone tensile testing?
Both computational and experimental methods are used to address this issue.
4.1.2 Materials and Methods
4.1.2.1 Finite Element Analysis
We compared stress distributions under tensile loading in cortical bone samples of strip and
dumbbell shapes (Fig. 4.1) by using a finite element software ABAQUS (Version 6.7, Dassault
Systèmes Simulia Corp., Woodlands Hills, CA).
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Figure 4.1 Tensile testing samples. (a) Strip shape tensile test sample (b) Dumbbell shape tensile
test sample. GW: gage width; GL: gage length; TL: total length; W: griping area width; T:
thickness; R: radius of fillet; FL: fillet length; D: Distance between grips. In FEA, the
displacement boundary conditions were applied on the grip areas as shown in the figure.
Thirteen different sample geometries were considered: four strip samples with gage lengths
ranging from 6 mm to 16 mm, and nine dumbbell samples with four samples having sharp
junctions at the grip/gage transition and five samples with rounded junctions involving arcs of
various radii. We use symbols S, DS and DR to represent these three types of samples: strip,
dumbbell with sharp junctions, and dumbbell with rounded junctions, respectively. All samples
had a uniform thickness of 1.5 mm. Since the cortical bone is in part made of a natural polymer, for
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comparison, we also analyzed the standard tensile testing sample geometry for plastics (type V)
specified in the ASTM D638 standard [266]. Dimensions of all samples, studied using the finite
element analysis, are listed in Table 4.1.
Table 4.1. Finite element analysis (FEA) tensile testing sample information
Name Shape GL(mm)
GW
(mm)
W
(mm)
R
(mm)
D
(mm)
TL
(mm)
S6 Strip 6 3 3 NA 6 14
S10 Strip 10 3 3 NA 10 18
S14 Strip 14 3 3 NA 14 22
S16 Strip 16 3 3 NA 16 24
DS1.5 Dumbbell 6 2 5 NA 9 13
DS3 Dumbbell 6 2 5 NA 12 16
DS4.5 Dumbbell 6 2 5 NA 15 19
DS6 Dumbbell 6 2 5 NA 18 22
DR3.75 Dumbbell 6 2 5 3.75 12 16
DR4.75 Dumbbell 6 2 5 4.75 13 15
DR7.5 Dumbbell 6 2 5 7.5 15 23
DR10.47 Dumbbell 6 2 5 10.47 16.8 20.8
DR12.75 Dumbbell 6 2 5 12.75 18 22
ASTM Dumbbell 9.6 3.2 9.6 12.84 26.56 30.56
GL: Gage length; GW: Gage width; W: Grip area width; R: Radius of fillet; D: Distance between grips; TL:
Total length
In order to obtain more general results we considered four material properties choices as
inputs (given in Table 4.2). The first two sets of properties, representing bone as a transversely
isotropic material, were obtained from literature and our measurements, while the other two
idealized bone as an isotropic material. The subscripts denote material orientations where 1 is a
longitudinal direction and 2 and 3 represent two transverse directions. The Poisson’s ratio was set
to 0.3 for all material properties sets, for simplicity.
The ratio of the displacement at gage section vs. the displacement at the testing section
between grips was calculated for each sample type (listed in Table 4.1). We called this ratio the
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“adjusted gage strain factor”and denoted it as Sf . The actual strain of the samples was then
calculated as
S applied
gage
f U
Strain
L
 (4.1)
where appliedU and gageL are the applied displacement and the gage length, respectively.
Eqn.(4.1) indicates that by controlling the applied displacement, the actual strain in the gage
section can be determined.
Mixed boundary conditions were used to simulate the tensile test. The samples were loaded
by applying a uniaxial tensile displacement along the longitudinal direction of samples. More
specifically, zero displacements were set at one end grip areas and the other end grip areas had the
applied nonzero displacement (calculated from Eqn. (4.1) to reach 2.5% strain at gage section).
The displacements were applied along both sides of the grip areas, shown as shaded regions in Fig.
4.1. All other surfaces were taken as traction free.
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Table 4.2 Material properties sets for FEA inputs
Name Type Material Properties Source
Human cortical
bone
Transversely
isotropic
E1 = 17.4 GPa
E2 = E3 = 9.6 GPa
G=3.51 GPa
[257]
Swine cortical
bone
Transversely
isotropic
E1 = 4.5 GPa
E2 = E3 = 3.0 GPa
G= 1.7 GPa
[267]
Isotropic human
cortical bone Isotropic
E = 17.4 GPa
= 0.3 Idealized
Isotropic swine
cortical bone Isotropic
E = 4.5 GPa
= 0.3 Idealized
4.1.2.2 Tensile Testing using Swine Femoral Cortical Bone
Four six-month-old swine femurs, obtained from the Animal Science Department at the
University of Illinois, were used to prepare tensile test samples. The bone tissue was not fixed and
was preserved by being covered by phosphate buffered saline (PBS) soaked gauze and kept in
freezer at -20ºC before sample preparation. We used DR and S samples in this experimental study.
Five sample geometries, listed in Table 4.3, with ten samples for each case were tested.
Table 4.3 Experimental tensile testing sample shape and geometry information
Name Shape GL (mm) GW (mm) GT (mm) R(mm)
D1 6 2 1.5 7.5
D2 Dumbbell 6 2 1.5 12.75
S1 14 3 1.5 NA
S2 14 3 0.8 NA
S3
Strip
16 3 1.5 NA
GL: Gage length; GW: Gage width; GT: Gage thickness; R: Radius of fillet
The samples were prepared in the following way. First, the mid-diaphysis sections of the
femurs were removed using a band saw. These sections were then cut into eight pieces according
to anatomical locations, which are named as proximal-posterior (PP), proximal-lateral (PL),
proximal-anterior (PA), proximal-medial (PM), distal-posterior (DP), distal-lateral (DL),
distal-anterior (DA) and distal-medial (DM). There are major tendon connection sites in both DL
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and DM pieces, which make the cortical bone from these locations more porous. Therefore, most
samples were fabricated from the remaining six pieces except for two samples from DM. These
bone pieces were further cut into more regular pieces by a precision diamond saw (Isomet 1000,
Buehler Ltd, Lade Bluff, IL) and polished into strips of desired thickness. These strips were then
randomly divided into five groups. These strips in each group were then machined using a bench
top CNC milling machine (Sherline Products Inc, Vista, CA) into a designed shape with the
longest dimension corresponding to the longitudinal axis of bone. During machining, the strip
pieces were submerged in phosphate buffered saline solution to keep the tissues hydrated.
All samples were tested using an MTS Insight 2 Electromechanical Testing System (2000 N
load cell). The samples were loaded at a 0.1mm/mm/min strain rate until break (90% load drop)
was detected. During the test, the samples’gage portions were wrapped in saline soaked gauzes
to avoid drying artifacts. The ultimate tensile strength ( UT ) was the stress value at the break
point. The yield stress ( Y ) was determined by the 0.2% offset method. ORIGIN (Version 8.0,
OriginLab Corp. Northampton, MA) was used to conduct one-way ANOVA (Analysis of
Variance) statistical analyses to test for differences in the means of the groups with different
parameters. The statistical analyses were first applied to UT to investigate the differences of UT
among different femurs, proximal or distal sections, and bone pieces from different anatomical
locations. Then, same one-way ANOVA analysis was used to study the effect of sample geometry.
4.1.3 Results
4.1.3.1 Finite element analysis results
We studied von Mises stress distributions in three types of sample geometries (S, DR, and
DS) and found stress concentrations in all three types of samples (Fig. 4.2) at the grip/gage
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transition region and/or at the grip region. The strip samples with different gage lengths (Table 4.1)
had similar von Mises stress distributions (Fig 4.2a) with maximum being at the gage/grip
boundaries. In DS samples (Fig. 4.2b), the maximum von Mises stresses were at the sharp
corners at grip/gage junctions. In DR samples, the stress concentrations were at the edges of grip
regions (inside the material) and at grip/gage junctions (Fig. 4.2c). Since our experimental data
indicated that failures of the DR samples were more likely to occur at junctions, only stress
concentrations at the junctions were further studied. The general rule used to calculate the stress
concentration factors was as follows
for strip samples
=
for dumbbell samples
Boundary
Gage
Junction
Gage
Stress
Stress
Stress Concentration Factor
Stress
Stress




(4.2)
where BoundaryStress , GageStress and JunctionStress are the maximum von Mises stresses at the
grip/gage boundary, in the gage section, and at junctions of transitions, respectively.
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Figure 4.2 Three cases of von Mises stress distribution (a) Strip sample: maximum van Mises
stresses located in edge element grip and gage section, (b) DR samples: maximum van Mises
stresses located in sharp corner at grip/gage junctions where the grip region transitioned to the
gage region (c) DR samples: maximum van Mises stresses located in the element inside the edge
of grip area and grip/gage junctions also have higher stress values compared with gage section.
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Fig. 4.3 shows stress concentration results for all samples using four different materials
properties listed in Table 4.2. All strip samples (Fig. 4.3a) yielded high stress concentration factors
in the range from 1.6 to 1.8, and the difference among the samples with different gage lengths was
very small. For same sample geometry, human cortical bone (Table 4.2) yielded lowest stress
concentration factors. The two isotropic bone cases had higher and identical results while the
transversely isotropic bone (swine cortical bone) demonstrated slightly higher stress concentration
factors than the isotropic bone types. In DS samples with same material properties inputs (Fig
4.3b) there was a linear relationship between the fillet length and the stress concentration factors:
the larger the fillet lengths were, the smaller the stress concentration factors were. Contrary to S
samples, the transversely isotropic sample (human cortical bone) yielded higher stress
concentration factors, two idealized isotropic cortical bone samples had identical and lowest stress
concentration factors, and the results for swine cortical bone fell between these two cases. Plots of
stress concentration factors vs. radius of fillet for DR samples are shown in Fig. 3c. Second order
polynomials fit all results very well except data points from the ASTM standard samples (hollow
symbols). Fig 3d shows the changes of stress concentration factors vs. ratio of the radius of
fillet/gage width, in which the ASTM sample results lay exactly on the polynomials obtained by
curve fitting results from other DR samples. Similarly to the DS samples’results, the human
cortical bone samples yielded highest stress concentration factors, while the idealized isotropic
bone samples had identical and lowest values (Figs. 4.3c, 4.3d). Swine cortical bone samples had
similar ranges of stress concentration factors as the isotropic bone samples.
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Figure 4.3 Stress concentration factor results for (a) strip samples: SCF vs. GL ; (b) DS samples:
SCF vs. FL; (c) DR samples: SFC vs. R and (d)SFC vs. R/GW.
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Figure 4.3 (cont.)
4.1.3.2 Tensile Testing Results
Representative stress-strain curves for swine cortical bone samples, obtained using tensile
testing, are given in Fig.4.4. Two failure modes were observed, brittle fracture (Fig 4.4a) and
ductile fracture with damage and plastic deformation (Fig 4.4b). Yield stress could only be
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obtained from the second type of stress-strain curve. Two samples, one from group D1 and one
from S2, were broken during samples’mounting before testing, so only results of the remaining 48
samples are reported in Table 4.4. Among these 48 samples, 16 out of 19 dumbbell samples broke
at the junctions of transitions, while 22 out of 29 strip samples had a jig break. All the other
samples broke at the gage section. Raw data of the tensile testing data are listed in Appendix E.
Figure 4.4 Characteristic stress-strain curve for swine femoral cortical bone in tensile testing: (a)
brittle fracture failure; (b) ductile fracture with damage and plastic deformation.
The ANOVA results of UT for different femurs, proximal or distal section, and bone pieces
from different anatomical locations are listed in Table 4.4 ( 0.05p ). We find that the means of
UT are not statistically different for samples from different femurs and locations.
Table 4.4 (a) Tensile properties of the samples from different femurs
Femur Number NT UT (MPa) NY Y (MPa)
No.1 10 108.15±29.25 6 99.75±19.60
No.2 15 92.21±21.87 5 93.92±33.39
No.3 12 89.98±33.35 7 79.75±30.63
No.4 11 70.28±31.67 8 68.32±36.29
NT: Total samples number; NY: Yield Samples number
(a) (b)
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Table 4.4 (cont.)
(b) Tensile properties of the samples from distal or proximal mid-diaphysis portion
Section NT UT (MPa) NY Y (MPa)
Distal 15 82.42±27.97 9 71.86 ±28.25
Proximal 33 93.14±35.10 17 89.78 ±32.61
NT: Total samples number; NY: Yield Samples number
(c) Tensile properties of the samples from different anatomical locations
Location Name NT UT (MPa) NY Y (MPa)
PP 9 59.41±32.34 2 35.00±21.74
PL 8 98.64±27.22 6 90.62±28.88
PM 8 102.06±35.74 6 99.75±29.65
PA 8 116.68±14.01 3 104.68±18.92
DP 7 71.18±18.17 3 48.16±17.49
DA 6 98.49±31.12 6 83.71±25.48
NT: Total samples number; NY: Yield Samples number
ANOVA was applied on the results of UT between four femurs, proximal or distal
section of the femurs, and bone pieces from different anatomical locations as listed in Table 4.4.
The p-values for the between four femurs, proximal/distal section and anatomical bone pieces
were 0.068, 0.316 and 0.001, respectively. These results indicate that at p=0.05, there are no
significant difference between the UT measured from different femurs or from proximal or
distal section of the femurs, while different anatomical locations yield significantly different
UT .
Table 4.5 5 lists the p-values of the additional four ways of the one-way ANOVA
analyses on UT which were used to further study the effect of different geometries in different
groups: ANOVA of all specimens, ANOVA of dumbbell specimens vs. strip specimens, ANOVA
of dumbbell specimens and ANOVA of strip specimens. The results indicated that at p=0.05, the
means of UT were only significantly different between strip and dumbbell specimens.
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Table 4.5 p-value status for one-way ANOVA analyses on different geometry samples.
Groups of Sample p-values
All samples 0.149
Dumbbell and Strip 0.013
Dumbbell samples 0.377
Strip samples 0.913
4.1.4 Discussion
The FEA and tensile testing results revealed a correlation between the stress concentrations
and the measured tensile strengths: the higher the stress concentrations were, the lower were the
tensile strength measurements. In our tensile testing, we applied a tensile displacement on the
sample ends and recorded the corresponding load, so although the stresses in the gage section did
not reach the critical values (strengths), the stresses in those stress concentration areas were high
enough to cause failures. In other words, the higher stress concentrations led directly to lower
measured strengths. Therefore, it is recommended that the sample geometry, which yields lowest
stress concentrations, is used in testing to reduce errors in the measured tensile strength. Thus,
what is the optimal geometry which gives minimal stress concentrations? We found that DR
samples are the best choice for tensile testing of cortical bone. The strip samples had highest stress
concentration factors (1.65-1.79) regardless of the dimensions or materials used. The DS samples
had smaller stress concentration factors (1.13-1.28) than S samples but higher than the DR samples
for the same fillet size. Secondly, what are the optimal dimensions for tensile test samples? Stress
concentrations decreased with the increase of the fillet radius. However, the samples from the
ASTM standard did not follow the correlation between the stress concentration factors and the
radius of fillet but rather did fit well in the correlation of the stress concentration factors and the
ratios of R/GW. This result indicates that the cortical bone follows the similar stress concentration
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rules as other engineering materials. The stress concentration factor is a function of the ratios of
W/GW and R/GW (Fig 4.1), while the latter one is more dominant if R/GW is greater than 1 [268].
According to Fig 3d, if the 2 mm gage width and 5 mm grip area width are used, a radius of 12.75
mm is a good choice because such geometry gives stress concentrations less than 1.05.
Although the general trends in the stress concentration factors were similar for all four
material properties inputs under same sample geometry, the material properties inputs did
influence magnitudes of stress concentrations. Also, the fact that both idealized isotropic bone
types demonstrated identical results indicated that the magnitudes of the stress concentration
factors are not influenced by the values of isotropic material properties. This observation is in
agreement with the result of Michell [269] who showed that the stress field in an isotropic material
subjected to uniform tractions is independent of elastic constants of a material. In our study we
applied mixed boundary conditions. However, by the St. Venant’s principle, the stresses away
from the sample ends are not sensitive to the nature of applied loads (displacements or tractions).
Our tensile testing results confirmed the correlation between the stress concentration
factors and the measured tensile strength. At p=0.05, the significantly lower UT measured from
strip samples compared to dumbbell samples can be explained by the higher stress
concentrations. Although there is no statistical significant difference between the UT measured
in the dumbbell specimens with two different radius of fillet, the means of measured from D2
specimens with larger radius of fillet are higher than the results measured from D1 specimens.
The insignificance of the results could be due to the large standard deviation. These results
indicate that if small radius of fillet are selected, the measured UT values should be relatively
smaller than the actual UT .
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It is interesting to note that approximately half of the samples demonstrated brittle fracture
(Fig 4.4a) and the other half had ductile fracture with damage and plastic deformation (Fig 4.4b).
However, the means of the ultimate tensile strength of the samples with brittle fracture and ductile
fracture were not significantly different within each sample geometry group as indicated by the
one-way ANOVA results. Thus, the yield behaviors did not affect the ultimate tensile strength.
The explanation why this happened is beyond the scope of this paper.
Note, that although only swine femoral cortical bone was studied in our experiments, the FEA
included more general cases (four material property sets). Hence, our results can be applied to
other animal species. However, for small animals such as mice, whole bone testing is preferable
due to small sizes involved.
4.1.5 Conclusions
The following conclusions can be drawn from this study.
Although the strip samples have simpler geometry and are easier to fabricate, they are not
good choices for cortical bone tensile test because of large stress concentration factors (as high as
1.8).
1. The dumbbell samples with sharp junctions should also be avoided because of the
relative higher stress concentrations (1.1-1.3) comparing with samples with rounded
junctions.
2. For dumbbell samples with rounded junctions one should maximize the ratio of the
radius of fillet to the gage width to minimize stress concentrations based on the
availability of the tissue.
This study presents recommendations on the optimized tensile testing sample’s geometry for
cortical bone. There are still several open questions remaining which will be addressed in future
99
work. Stress concentrations in DS samples need to be validated by experiments. This study is only
the first step to the final goal of the authors to build the standard for tensile testing of cortical bone.
4.2 SEM AND TENSILE TESTING STUDY OF ORIENTATION EFFECT ON TENSILE
PROPERTIES OF SWINE FEMORAL CORTICAL BONE
4.2.1 Introduction
Cortical bone exhibits anisotropic elastic properties in different scales [56, 85, 86, 98, 99,
211, 214, 253, 263, 270-273]. At the nanoscale level, the anisotropic mechanical properties were
due to the preferred orientated the mineralized collagen fibers and could be measured by SAXS
and XRD [201, 211, 214, 272]. Nanoindentation has been widely used to study the anisotropic
properties of bone [85, 86, 99, 104, 114, 274] but it was only focused on lamella level. In macro
and meso scale, although both longitudinal and transverse properties of cortical bone had been
measured on human and bovine cortical bone samples [263], what are the mechanical properties
of cortical bone in other directions remain unknown. In this section, a study combining tensile
testing and SEM technique was developed to evaluate the anisotropic mechanical properties of
cortical bone. Samples with different orientation were tested.
4.2.2 Materials and Methods
4.2.2.1 Tensile testing sample preparation
Materials
Ten healthy swine femurs with approximate 5 months age were obtained from Meat Science
Lab in UIUC. Soft tissues attached to the bone diaphysis were removed by using periosteal
elevator, scalpel and knife and bone tissues were then immediately covered with PBS soaked
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gauze and freshly frozen at -20ºC for storage. Prior to further sample preparation, these femurs
were thawed at 4ºC overnight.
The mid-diaphysis sections of these femurs were processed into small pieces according their
anotomical locations. Detailed procedure was described in section 3.2.2.1. A completely
randomized design (CRD) was used in this study. These bone pieces were prepared from all ten
femurs and randomly grouped into 7 groups. Each group was corresponding to one orientation
angle ranging from 0ºto 90ºwith 15 ºincrements as shown in Fig 4.5. These bone pieces were cut
into more regular pieces by a precision diamond saw (Isomet 1000, Buehler Ltd, Lade Bluff, IL)
and polished into strips with 17 mm in length and 7 mm in width. These strips were then machined
into dumbbell shape tensile testing samples in Machine shop of MechSE department in UIUC. The
sample geometry is shown in Fig 4.6. During machining, the strip pieces were submerged in
phosphate buffered saline solution to keep the tissues hydrated. Seventy-six samples in total were
machined with 10-12 samples in each orientation group.
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Figure 4.5 Sketch of tensile testing sample with different orientation
Figure 4.6 Sample geometry for tensile testing
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Testing Procedure
All samples were tested using an Instron table-top testing machine (500 N load cell) in
Advanced Material Testing and Evaluation Lab (AMTEL) in UIUC. A MTS extensometer (Model
632.26 B-80) with 5.08mm gage length was used to measure the strain during the tensile testing.
Testing procedure was as follows:
1. Measured the width and thickness of the samples at several points along their
reduced-area section.
2. Placed the sample between the testing jaws, ensuring the sample is in the equally
adjusted position in the middle of the jaws with a dial caliper.
3. Set the crosshead speed to 1mm per minute. Balance the load and set the gage length.
4. Started the crosshead and continue until break (90% load drop) was detected.
Young’s modulus, ultimate tensile strength and strain were measured from recorded
stress-strain curves as descriped in section 3.2.2.1.
4.2.2.2 SEM observations
After tensile testing, these samples were further prepared for SEM imaging. As shown in Fig.
4.7, three SEM samples were prepared for each tensile testing sample. They were top and side
views of fracture surfaces and the cross sections of the gage region. No additional polishing was
applied on any of these samples. These samples were positioned on small aluminum SEM sample
stands with carbon tapes and dried in desiccator for several days. SEM imaging was conducted
using a JEOL 6060LV SEM.
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Figure 4.7 Three different types of SEM samples
4.2.3 Results
4.2.3.1 Tensile Test results
Tensile testing results are shown in Fig 4.8. It is clear that all tensile properties including
Young’s moduduls, ultimate tensile strength and strain decreased with increase of orientation
angles. Appendix F lists the raw data of the tensile testing.
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Figure 4.8 Tensile testing results for samples with different anatomical orientation (a) Young’s
modulus (b) Ultimate tensile strength (c) Ultimate tensile strain
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4.2.3.2 SEM Results
Fracture Angles
SEM images of these tensile testing samples demonstrated various fracture angles as shown
in Fig 4.9.
Figure 4.9 Tensile testing samples with different fracture angles.
The fracture angle for each sample orientation groups was measured by using ImageJ (NIH
image process and analysis software). Fig 4.10 is the plot of averged fractrure angles vs.
orientation angles. There was a interesting double peak feature: the 0 ºand 90 ºsamples yielded
lowest fracture angles around 5 degree while the 30 ºand 60 ºsamples had largest fracture angles
about 20 degrees. The 15 º, 45 ºand 75 ºsamples shared similar fracture angle averaging 15
degrees.
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Figure 4.10 Plot of fracture angle vs. sample orientation
Fracture Mechanisms
Several fracture behaviors were observed in these samples. Failures of mineralized
collagen fibers or fiber bundles and failure at cavity boundaries were popular phenomena in
low-angle orientation samples such as 0 º, 15 ºand 30 ºsamples while fractures through cavities
were more dominant phenomena in high-angle orientation samples as shown in Fig 4.11.
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Figure 4.11 Fracture mechanisms observed in these tensile testing samples. (a-b): failures of
mineralized collagen fibers; (c-d) failure at cavity boundaries. arrows show these boundaries;
(e-f) fracture through cavities, while dash lines reveal paths of the cavities; (g-h) delamination of
lamellae
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Osteon structures
Compared with cross section samples, these samples with fracture surfaces were more easy to
capture bone microstructures. Osteon structures such as layers with different fiber orientation and
osteon inner wall are showed in Fig 4.12 .
Figure 4.12 SEM images of osteons. Top: layered structure; bottom: inner wall
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4.2.4 Discussion
Previous studies attributed the anisotropic properties of cortical bone to the nano-scale
mineral crystal orientation [57, 214, 270, 271]. Considering the crystals are not perfectly aligned
along long axis but have a mismatch angle, Currey [57] used the composite model of Cox to
predict the Young’s modulus of cortical bone using the equation below
4 4 2 20 0 0
90
cos sin 2 cos sinE E E v
E E G
         
(4.3)
The estimated modulus E varies as the mineral crystals deviate from the long axis by the
angle. Here we also could use same equation to predict the modulus of samples with different
orientation if we made the assumption that the crystals have perfect alignment along long axis in
these samples. The comparison between experimental and theoretical results revealed a good
agreement as shown in Fig 4.13.
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Figure 4.13 Comparison of Young’s modulus measured by experiments and calculated using
equation 4.3
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Large cavities observed in most samples as shown in Fig 4.14.were the results of
osteoclastic resorption. Bone tissue at this age stage was under high rate remodeling process,
modifying woven bone into second osteons. The process starts from forming a big resorption
sites by osteoclasts, followed by layered bone formation by osteoblasts.
Figure 4.14 Large cavities observed in SEM images
The changing of the fracture angle with orientation could be explained by the different
fracture behaviors observed in different orientation samples. As showed in Fig 4.15, under
tensile loading, there were stress concentrations at the boundaries of osteons in these lower angle
orientation samples. The fracture then initiated at the stress concentration sites and propagated
along the direction perpendicular to the osteons. Eventually, the final fracture angle was similar
to the angle between the osteons and the loading direction, which was same as the orientation
angles.
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(a)
(b)
Figure 4.15 Schematic illustration of fracture angles (a) fractures were developed along the
boundaries of osteons (b) fracture developed through large resorption site (cavities)
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The situations in the high orientation angles samples were quite different. The high stress
concentrations were at the end of the cavities in those samples. The fractures preferred to initiate
at boundaries of the cavities and developed through the cavities. Therefore, the final fractures
angle was same as the angle of resorption site to loading direction.
Fig 4.16 showes the typical stress-strain curves for low orientation angle and high
orientation angle samples. Ductile fracture was the fracture type for 0ºsamples and the strain
hardening region represent the accumulations of the microcrackes developed on the
osteon/cavity boundaries. The 90 ºsample had brittle fracture.
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Figure 4.16 Typical stress-strain curves for 0 ºand 90 ºsamples
4.2.5 Conclusions
5-month swine femoral cortical bone consisted of woven bone, osteons and large size (50-200
mm in diameter) cavities. These cavities were resorption sides which indicated high remodeling
rate and were generally aligned in the longitudinal direction of bone. Both Young's modulus and
ultimate tensile strength results varied with the orientation angles. Generally speaking, the tensile
properties reduced from longitudinal to transverse directions. The changes in the Young’s
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modulus could be explained by the mismatch of the preferential oriented collagen fibers, while the
dependency of the tensile strength on orientation was possible due to the different failure
mechanisms associated with the samples in different orientation groups.
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CHAPTER 5 LARGE LONG BONE DEFECT REPAIR BY REGENERATION IN
XENOPUS LAEVIS
5.1 INTRODUCTION
Fractures are readily healed in long bones, but injuries that create large gaps in bone are not.
These are called critical size segmental bone defects. In the case of large bone defect, it usually
requires the insertion of autogeneous bone graft to heal. However, this process is traumatic for
harvesting of bone and results in high morbidity at the donor site. Although Stevens et al. [222]
came up with a novel method using bioreactor to create engineered bone in vivo, scaffolds made
from varies materials, cellular transplantation and bioactive molecules have been considered as
more convenient methods and have been explored in various combinations to address the problem
in large bone defect repair [4, 5, 7-9, 14, 16, 19, 23, 27, 31, 223-226, 230].
Bone scaffold, the product of tissue engineering, is one of the most promising techniques for
bone defect repair. The general characteristics of these scaffolds include 3D porous structure,
biocompatible or bioresorbable materials, suitable surface chemistry and mechanical properties
[29]. The artificial scaffolds combined with variety of growth factors [3, 240, 242, 275, 276] and
seeded with osteoblasts or mesenchymal stem cells [21, 233, 234] provide both mechanical
support and spaces for cells attachments and proliferations.
Currently, most experiments designed to repair these defects seek to directly deposit new
bone on scaffolds seeded with stem or bone cells, treated with growth factors, or combinations of
thereof [31, 223, 224, 277]. However, it is important to note that the fracture repairing is a
post-natal developmental process and intercalary regeneration is the major approach instead of
direct bone formation. In this study, we focused on the medically important problem of long bone
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wound healing by promoting intercalary regeneration. We employed a small animal in vivo
load-bearing model to study the effect of a biocompatible artificial polymer scaffold on
regeneration of critical size defects in adult Xenopus laevis frog hind limbs. Two growth factors:
BMP4 and VEGF were selected and coated on the biocompatible scaffolds to employ scaffolds
that functions as a means for delivery of regeneration-promoting proteins.
5.2 MATERIALS AND METHODS
5.2.1 Scaffold Fabrication.
1,6 hexanediol diacrylate (HDDA) (Sartomer Company, Inc, Exton, PA) scaffolds were
fabricated by 3D microfabrication technology, Projection Micro Stereo Lithography (PµSL) as
shown in Fig 5.1.
Figure 5.1 Sketch of PµSL process
The process of Micro Stereo Lithography starts from generating 3D structures in Computer
Aid Design (CAD) software, then slicing the structure into a sequence of bitmap images according
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to the desired spatial resolution. Each image represents a thin layer of microstructure. During
one fabrication cycle, one image is displayed on the micro display chip. The image was delivered
and captured by a reduction lens. The reduced image was focused on the photo curable liquid
surface. A whole layer (usually 2-20 µm thick) was polymerized simultaneously. After one
layer was solidified, the polymerized part was immersed into the liquid surface to allow a new thin
liquid layer to form on top and a new fabrication cycle starts. By repeating the cycles, a 3D
microstructure was formed from the stack of layers. As shown in Fig 5.2, these biocompatible
scaffolds were designed as a holly cylinder with porous wall structure to release selected
regeneration-promoting proteins. After fabrication, the scaffolds were rinsed and then were soaked
in distilled water for surgery.
Figure 5.2 Porous hollow cylinder scaffolds
5.2.2 In vivo experiments
5.2.2.1 Animals
All surgeries and animal care were performed in accordance with University of Illinois at
Urbana-Champaign the Institutional Animal Care and use Committee (UIUC IACUC) procedures
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and approved protocols. Sexually mature Xenopus laevis frogs were obtained from Xenopus
Express, Inc (Brooksville, FL). The frogs were allowed to acclimate to local conditions for one
week prior to surgery.
5.2.2.2 Animal surgery
Animals were divided into three groups: critical size determination group (n=12), control
scaffold group (n=5) and treated scaffold group (n=14) (Appendix G lists the detailed frog
information). The frogs were anesthetized in osmotically-balanced dechlorinated water,
containing 0.15% ethyl 3-aminobenzoate methanesulfonate salt (MS222, Sigma), a standard
amphibian anesthetic. Frogs were kept in the anesthesia until pinching the toes with a forceps
caused no response. Frogs in the critical size group were used to determine size of the Critical Size
Defect (CSD) in Xenopus laevis frogs. Central (diaphyseal) segments of the posterior tarsus bone
were excised, ranging from 1.5 to 8 mm in length as shown in Fig 5.3. The anterior tarsus bone
was left intact to provide structural support to this segment of the hind limb and also act as an
internal control. This process also damaged lateral diaphyseal muscles, allowing us to observe
the interaction between regenerating bone and muscle. The wounds were then closed with 6-0
Ethilon 0.7 metric sutures from Ethicon. For the other two groups, the defects received one of the
following treatments: implantation of distilled water soaked scaffolds (control scaffold group) and
implantation of growth factor treated scaffold (treated scaffold group). The excised segmental
pieces were measured and scaffolds were cut to corresponding lengths. The treated scaffold
group underwent implantations with scaffolds that had been soaked for 2 hours in a growth factor
solution containing Bone Morphogenic Protein 4 (BMP4) and Vascular Endothelial Growth
Factor (VEGF)(Sigma) at concentrations of (1 mg/mL BMP4 + 50 mg/mL VEGF in 4mM HCl
with 0.1% BSA). After scaffolds were placed in the bone beds, the wounds were closed with
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sutures. The frogs were then placed in osmotically-balanced Holtfreter’s solution in
dechlorinated water to recover from the anesthesia. Frogs were closely observed through the
wound healing process.
Figure 5.3 Sketch of the surgery on Xenopus laevis Hind Limbs
5.2.3 Collection/Fixation.
All samples in the critical size determination group were collected at 3 months after surgery
while samples in other two groups were collected in the following periods: 3 weeks, 6 weeks and 3
months after surgery. After frog euthanization by over-anesthetization with a 0.3% MS222
solution in osmotically-balanced dechlorinated water, the tarsus limb segments were collected
using a single sided razor blade to cut just distal to the tarsal-metatarsal joint and just proximal to
the ankle joint. The tarsus samples were washed 10 minutes in sterile 1xPBS for three subsequent
washes, and then fixed in 0.4% paraformaldehyde in 1X PBS overnight.
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5.2.4 Micro-CT Imaging.
Tarsus samples were put into eppendorf tubes and scanned with a Sky Scan 1172 MicroCT
(SkyScan, Kontich, Belgium) at a 11um voxel resolution to quantitatively assess the status and
ingrowth of the calcified tissues in the tarsus. After scanning, Amira 4.0 software was used to
post-process the image data. The thresholds were selected in each sample to isolate the calcified
tissues while excluding soft tissue and polymer scaffolds and used to generate 3D images of the
tarsus bone. The actual sizes of the tarsus bone and defect were measured on these 3D images.
The defect percentages were calculated as ratios of the defect size to the whole tarsus size.
Micro-CT images of the samples are shown in Fig G.1-G.5 in Appendix G.
5.2.5 Histology
Both cyro sections and polymethyl methacrylate (PMMA) embedded sections were used for
histology analysis. The samples were decalcified in Calci-Clear Rapid (National Diagnostics) for
4 hours, then cryoprotected for 24 hours each in sterile 10%, 20%, 30% sucrose in 1xPBS.
Samples were then transferred into embedding molds with a 50:50 solution of 30% sucrose in
1xPBS and Neg 50 compound (Richard Allen Scientific), and frozen under isopentane cooled by
liquid nitrogen. The frozen blocks were sliced into 20-30 µm sections using a Leica CM 1900
refrigerated microtome and stained with hematoxylin and eosin. Some fixed tarsus samples were
transferred to 70% ethanol, dehydrated to 100% ethanol, infiltrated with uncleaned methacrylate
monomer, embedded in PMMA, and 10 µm sections were sliced with a Leica RM2255 rotary
microtome and stained with Toluidine Blue.
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5.3 RESULTS
5.3.1 Critical Size Defect Determination
(a) (b) (c)
Figure 5.4 Preliminary determination of the critical size defect for Xenopus tarsus bone.
Significant re-ossification of the gap is observed after removal of 14.9% segment in (a), while
larger extirpations of 42.4% show little apparent ossifications. (c) Stress fracture in anterior tarsus.
Micro-CT images revealed that small gaps in the critical size defect group demonstrated
significant re-ossification (Fig 5.4a) while large gaps show little to no ossification (Fig 5.4b).
Stress fractures in anterior tarsus were also observed in three frogs as shown in Fig 5.4c.
Histology analysis showed that out of these 12 frogs, 8 had cartilage tissue filling the gaps while
only fibrotic scar tissue and muscle tissue filled in the gap regions. The CSD was calculated as
35.2% by averaging the defect sizes of these four cases which failed to regenerate as listed in Table
5.1 (shaded cases). Substantial skeletal repair involving the development of cartilage, woven and
cancellous bone was present in samples in defects of less than CSD.
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Table 5.1. Determination of CSD
Frog Number Defect Percentage Scar Tissue or CartilageFormation in the Gap
CSD-3M-17 9.6% Cartilage
CSD-3M-18 13.5% Cartilage
CSD-3M-20 14.9% Cartilage
CSD-3M-7 16.7% Cartilage
CSD-3M-2 22.0% Scar
CSD-3M-13 23.2% Cartilage
CSD-3M-1 24.6% Cartilage
CSD-3M-19 25.0% Cartilage
CSD-3M-6 33.3% Cartilage
CSD-3M-4 37.7% Scar
CSD-3M-5 38.7% Scar
CSD-3M-10 42.4% Scar
In the critical size defect samples, the defect areas were occupied with muscle bundles and
fibrotic scar tissue as shown in the histology images (Fig 5.5). Top top-right figure was a
cross-section at the middle of the defect of the left hind limb. The zoom-in figure at the defect
region was shown in bottom-right which reveals the combination of muscle bundles and scar
tissue.
122
Figure 5.5 Histology images of critical size gap samples.
5.3.2 Results of Implantation of Scaffold Soaked in Distilled Water.
The control scaffold group consisted of 5 cases. Four of these had CSD. Micro CT and
histological analysis revealed that all 5 cases of critical size segmental defects implanted with
control scaffolds formed fibrotic scar tissue with an occasional cartilage nodule embedded in the
scar as showed in Fig 5.6. The scaffold was identifed beside the defect region which filled with
scar tissue as shown in Fig 5.6a and 5.6b. Fig 5.6c is a 40X image of the scaffold and the
surrounding tissues at the proximal injury site. A small amount of periosteal cartilage is present.
Fig 5.6d is a 100X image of scar tissue in the scaffold area distal to the injury and Fig 5.6e is a
200X magnification of the scar tissue in d, showing random muscle patches, blood vessels, and
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fibrocytes. These cases further confirmed that the critical size defect size was 35.2% or greater of
the tarsus length.
Figure 5.6 Histology results of distilled water treated scaffold group.
5.3.3 Results of Implantation of Scaffold Soaked in VEGF and BMP4
There were 14 animals in the treated scaffold group. The Micro-CT measurements
revealed that eight cases had defects larger than the CSD while the other six cases had relatively
smaller defects. Micro-CT and histological analysis revealed that both non-critical size defects
(two of six cases) and critical size defects (five of eight cases) implanted with a scaffold containing
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VEGF and BMP4 developed a rod of cartilage extending across the gap and this contained some
ossification. Muscle bundles are in close contact with the perichondrium surrounding the skeletal
element. In addition, osteoblasts (arrowheads) are remodeling osteoid (woven bone). This
process is well underway by 3 weeks and by 6 weeks and 3 months more ossification is present
within the cartilage rod. In addition, regenerating skeletal muscles and interosseous ligaments
were often observed in these treated cases by 3 months.
Figure 5.7 Histology results of growth factors treated scaffold group. (transverse sections)
Fig 5.7 and 5.8 are the histology results for the growth factor treated scaffollds. As shown in
Fig 5.7(a-c), a scaffold treated with VEGF and BMP4 was causing a proximodistally complete
cartilage skeletal element to form (yellow color represents bone tissue while the indigo was the
new formed cartilage templete). Fig 5.7a is a 40X image of the scaffold and surrounding tissues
at the proximal injury site. A much greater amount of periosteal cartilage was present. From
distal to the injury site, ossification was progressing in the cartilage (100X) as shown in Fig 5.7b
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and Fig 5.7c is a 200X magnification of Fig 5.7b. Dashline- outlined region in Fig 5.7c represent
a occified region.
Fig 5.8 demonstrates a sample sectioned in the longitudinal direction. Fig 5.8a and 5.8b were
sections lateral to the majority of skeletal element regeneration. In Fig 5.8a, the scaffold area
contained a small amount of intact tarsus proximal to the injury, and in the center, immune cells.
The scaffold is no longer present in Fig 5.8b section, and the lateral edge of the regenerating
cartilage is visible in the center. Fig 5.8c and 5.8d were sections through the cartilaginous
regenerated skeletal element.
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Figure 5.8 Histology results of growth factors treated scaffold group. (longitudinal sections)
Severe anterior tarsus stress fractures were found in these two non-CSD cases while there
were no cartilage rods filling the gap as shown in Fig 5.9. The defect percentages and the status of
the cartilage filling the gaps for these two groups were summarized in Table 5.2.
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Table 5.2. The defect percentages and the status of the cartilage filling the gaps for two scaffold
groups
Frog Number Groups Collectionperiod
Defect
percentage
Scar Tissue or
Cartilage
Formation in
the Gap
DW-3M-16 control 3 months 8.7% Cartilage
DW-3W-3 control 3 weeks 41.7% Scar
DW-3W-4 control 3 weeks 58.3% Scar
DW-3W-1 control 6 weeks 50.0% Scar
DW-3W-2 control 6 weeks 54.2% Scar
GF-3M-11 treated 3 months 26.7% Scar
GF-3M-9 treated 3 months 27.5% Cartilage
GF-3M-14 treated 3 months 31.3% Scar
GF-3M-12 treated 3 months 41.7% Cartilage
GF-3M-21 treated 3 months 45.8% Scar
GF-3W-10 treated 3 weeks 41.7% Cartilage
GF-3W-9 treated 3 weeks 58.3% Scar
GF-6W-5 treated 6 weeks 21.0% Cartilage
GF-6W-2 treated 6 weeks 28.9% Cartilage
GF-6W-8 treated 6 weeks 34.8% Cartilage
GF-6W-4 treated 6 weeks 38.5% Scar
GF-6W-7 treated 6 weeks 38.7% Cartilage
GF-6W-1 treated 6 weeks 45.8% Cartilage
GF-6W-6 treated 6 weeks 50.0% Cartilage
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Figure 5.9 Severe stress fracture in anterior tarsus
5.4 DISCUSSION
5.4.1 Animal Model
There are several reasons why we chose Xenopus laevis as our animal model in this study.
First, similar as mammals, the adult frogs fail to repair fractures across critical size bone gaps,
which gave us the opportunity to investigate the effect of the scaffolds with selected growth factors
on tissue repair. Secondly, compared with mammals such as white mouse, rabbit or sheep, the
surgery, post-operative care and animal care of frogs are simple and inexpensive. Thirdly,
because of the duel bone tarsus structure of the distal hind limb, no external stabilization is
required. There have been examples where fixation plate have affected tissue repair [31]
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5.4.2 Critical Size Gap and Intercalary Regeneration
Fractures are readily healed in long bones, but injuries that create large gaps in bone are not.
These are called critical size segmental bone defects. The first step in our study was to determine
the size of CSD for the Xenopus laevis. This was 35.2% of the length of the whole tarsus. Our
novel approach was to implant a biocompatible scaffold loaded with growth factors which were
specifically selected to induce cartilage to form in the defect, then to promote the cartilage to ossify
which is called intercalary regeneration. In fracture repair, a blood clot forms in the injury site,
followed by the formation of a fibrous soft callus. The cells in the callus become cartilage cells
that proliferate to bridge the fracture. As in skeletal development, the cartilage cell mass is
invaded by blood vessels, and then bone cells replaced the cartilage cells. Our approach extended
the longitudinal distance across which fractures can be repaired. BMP4 is essential to the
development of long bone cartilage templates, and VEGF induces blood vessel formation [275,
276]. In our model, these scaffolds acted as a 3D growth factors (GF) carrier that released the GF
all along the defect region.
Ossification
Our ultimate goal is to promote bone tissue repair. Thus, the ossification is a significant
parameter we used to determine the success level of our experiments. Since the cartilage
template formed around several weeks after surgery, the ossification level increased with time.
As shown in Fig 5.10, three months after growth factor treated scaffold implantation, a cartilage
rod completely bridges the gap between the cut surfaces of the tarsus, and significant ossification
of the cartilage segment is observed. Fig 5.10a is a low magnification image (10X) of a section
near the proximal amputation plane showing the intact scaffold, the unaltered tarsus segment and
the cartilage rod with centers of ossification. In Fig 5.10b and 5.10c, section through the distal
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cut site showing intact lamellar bone and areas of primary bone formation within the cartilage rod.
A section from a region working toward the center of the regenerating tarsus segment
demonstrated primary bone formation in the cartilage rod as shown in Fig 5.10c while in Fig
5.10d, a section near the center of the regenerating tarsus segment showing a small area of
ossification. Note also the connective tissue and blood vessels in the intact scaffold (green arrows)
adjacent to the regenerating tarsus. (E) Section from a region near section (D) immunostained for
collagen II, a cartilage marker. Collagen II (green fluorescence –white arrow) is seen as a cap
surrounding the regenerating tarsus segment (red arrow). Nuclei are counterstained with DAPI
(blue). Magnifications: (A) 10X; (B-E) 50X
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Figure 5.10 Ossification in regenerated tissue
It is important to note that in addition to the intercalary regeneration repair in the skeletal
element, the regenerated structure was anatomically corrected with attached skeletal muscle,
interosseous ligaments and interosseous structures as shown in Fig5.11.
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Figure 5.11 The regenerated tissues show anatomically correct structure. (a) and (b) are sections
through the center of the regenerated skeletal element, located as shown by the boxes in the
schematic diagram. The regenerated structure is anatomically correct, with attached skeltal
muscle, interosseous ligament, and interosseous structures.
As shown in Fig 5.4 and Fig 5.9, stress fractures in the anterior tarsus were observed in all
three experimental groups. The micro-CT and histological analyses revealed that these fractures
were created in an early stage after surgery because the repaired cartilage tissue and ossified bone
segments were as matured as regenerated tissues in the posterior tarsus defects. The frogs
recovered from anesthetisia within minutes and began to move by using both unoperated and
operated limbs. Although it is not clear why some of the frogs had stress fractures and others did
not, the presesence of stress fracture did demonstrate that the tarsus region is a load bearing
sections of hind limb and this is an important mechanical stimulus for bone repair. The direct
result of stress fracture was to reduce the actual size of the defect in the posterior tarsus. Because
the fractures occurred at a relatively early stage, we concluded that the biological defect sizes
133
should be the actual defect sizes measured from the micro-CT images, instead of the excised bone
segment sizes. In the treated scaffolds group, two cases demonstrated scar tissue in the defect
regions even though the defects were smaller than CSD while stress fractures were severe. Our
hypothesis is that the processes needed to repair the stress fractures impeded the repair process in
the posterior tarsus segmental defect.
In the critical size defect group, all defects smaller than CSD were repaired by the intercalary
regeneration except frog 5. There were no abnormities such as stress fractures associated with
this animal. Therefore, it is not clear why this animal failed to undergo the intercalary
regeneration repair process.
5.5 CONCLUSIONS
We have established that the adult Xenopus laevis tarsus bone is an excellent model for
studying the effect of regeneration-promoting growth factors on the process of critical size defect
bone repair. A diaphyseal gap comprising 35.2% or greater in Xenopus laevis posterior tarsus is
the critical size defect and it will not heal by the process of fracture repair or intercalary
regeneration. There was a vast difference in the reaction of the limb tissues to the GF treated versus
the distilled water treated scaffolds. The treated scaffolds caused cartilage proliferation across
the gap that was followed by ossification. In the untreated scaffold samples, cartilage formed only
at the injury site and scar tissue grew in the gaps. VEGF + BMP4 treated scaffold implantation in
critical size gaps promotes intercalary regeneration with hyaline cartilage. Our future work will
include the use of NIH Imaging software to quantify the amount of ossification present in our
growth factor treated cases compared with our untreated cases in an attempt to establish whether
the difference is statistically significant. In addition, we will allow growth factor treated critical
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size cases to regenerate for 6 months. The 6-month cases will provide further insight into the rate
of VEGF and BMP4 stimulated bone and muscle repair across critical size defects.
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS
This dissertation focused on the two aspects of the cortical bone. As a strong, stiff, tough and
light biomaterial, a frame work has been set up on how to utilize different techniques to
characterize the bone from mechanical properties, structure and chemical compositions while the
large bone defect repair by regeneration project focused more on the living nature of bone.
In the first part, multiple techniques were combined to fully characterize age-related
changes in swine femoral cortical bone. Experimental results demonstrated significant alteration
of bone structure and chemical composition alone age and that the reason for variation of the
mechanical properties measured in different age groups. After setup the protocols and procedures
in this study, the same set of experiments could be used to characterize any other materials.
Human or animal bones with diseases could be a very interesting subject. Even other general
materials could also be studied. As for the recommendations, although both macro- and micro-
characteristics of were studied here, more work could be done to enhance the significance of this
study.
1. Several techniques used here could be more used in a more deeply manner. For
instance, image processing software should be used to process SEM and micro-CT
images to obtain more quantitative information such as the porosity and bone mineral
density (BMD).
2. Sample size could be larger in each technique to get more statistical results.
Nanoindentation and FTIR are two good candidates in which large sample size may
yield more convincing conclusions.
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3. Currently, there are only three age groups studied here. Similarly, more age groups
could give us the power to correlate the results from different experiments in more
precise way.
4. More techniques could be used to access the bone properties in different aspects.
Microtensile testing could be use to measure bone microstrutural properties such as of
osteons; TEM and nano-CT could be used to access the bone structure information at
nano-scale; Raman, SAXA, DEXA could be used to obtain the complimentary
chemical information on bone samples.
5. Finally, computational and analytical methods should be used to model the behaviors of
the bone tissue. For instance, a multi-scale model is needed to predict the tensile
strength of the cortical bone.
. In the regeneration project, we successfully promoted intercalary regeneration in Xenopus
laevis to repair critical size defects. Our results indicated that using scaffold as a growth factor
carrier and deliver it is a very promising approach in tissue repair. Currently only two growth
factors (BMP4 and VEGF) were used and the methods used to load and release the growth factors
were kind of crude. The growth factors were simply coated on the scaffold surfaces and released
by defusing after implanting into animal. There are many other growth factors or molecules
which related to the process of tissue regeneration/repair. What are these molecules? Which
stage do they take part in the process and what are the functions of them? It is important to
have a complete experiment to identify these molecules and obtain the information to address
those important questions. After these information is ready, “smart scaffold”which could carry
and release the growth factors in a controlled manner should be designed and investigate in in
vivo experiments. Our ultimate goal is to have a solution which could be used clinically to help
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human repair their skeletal tissue by regeneration. Therefore, after the frog model, mammals
such as pig should be studied to push the application to large mammal animals.
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APPENDIX A CORTICAL TENSILE TESTING SAMPLE PREPARATION
PROCEDURE
As shown in Fig A.1, a femoral cortical bone tensile testing sample is prepared in the
following 8 steps.
1. Thaw the femurs overnight at 4ºC and remove covered gauze
2. Make the direction (distal and proximal) and the Linea aspera line
3. Cut both head and only middle-most diaphysis is used for sample preparation
4. Mark and label the pieces according to anatomical locations, which are named as
proximal-posterior (PP), proximal-lateral (PL), proximal-anterior (PA), proximal-medial
(PM), distal-posterior (DP), distal-lateral (DL), distal-anterior (DA) and distal-medial
(DM).
5. Cut these 8 pieces from rings. There are major tendon connection sites in both DL and
DM pieces, which make the cortical bone from these locations more porous. Therefore,
most specimens were fabricated from the remaining six pieces except for two specimens
from DM.
6. These bone pieces are further cut into more regular pieces by a precision diamond saw
(Isomet 1000, Buehler Ltd, Lade Bluff, IL) and polished into strips of desired thickness.
7. Secure the bone strips in the special designed fixture
8. These strips are then machined using a bench top CNC milling machine (Sherline
Products Inc, Vista, CA) into a designed shape with the longest dimension corresponding
to the longitudinal axis of bone.
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Figure A.1 Step by step illustration of tensile testing sample preparation procedure
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APPENDIX B FTIR SAMPLE PREPARATION PROCEDURE
Part A. PMMA Embedding
1. Fixation
Fixed in 70% ethanol for 1-2 days. Let stand at room temperature for at least 1 hour and then
stored the tissue at 4ºC for 48 h
2. Dehydration:
a) Dehydrate in 95% ethanol 48 hours 4ºC
b) Dehydrate in 100% ethanol 24 hours 4ºC
c) Rinse 2 times with 100% ethanol, 10 min./change at RT
3. Infiltration and embedding (PMMA)
d) Infiltrate tissue with 1/2 uncleaned methacrylate monomer (1 part resin:1 part ethanol)
48 hours. RT
e) Infiltrate tissue with of 100% uncleaned methacrylate monomer 48 hours.
f) Infiltrate tissue with of 100% uncleaned methacrylate monomer with 1g Benzoyl
peroxide per 100ml monomer 48 hours
g) Mix uncleaned methacrylate monomer with PMMA powder (200 g PMMA power per
liter uncleaned methacrylate monomer). Use stirring plate to mix.
h) Add 10 g dried benzoyl peroxide into one liter above mixture and stir until all dissolved
i) Transfer mixture to containers with bone sample and cured in oven at 35 ºC for one
week. Then post cure in oven at 60 ºC for 2hours
Part B Microtome Section
1. Remove redundant materials using bandsaw and diamond saw
2. Install the appropriate blade holder and sample holder on the microtome
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3. Secure the Tungsten Carbide blade on the blade holder and set the cutting angle as 0º
4. Trim the sample surface in order to create flat cutting surface
5. Section sample into 5um thin slices
6. Transfer slices into warm water bath
7. Use BaF2 windows scoope slices out of the water bath
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APPENDIX C MECHANICAL RESULTS OF SWINE FEMORAL CORTICAL BONE
(AGE-RELATED CHANGES)
Table C.1 Raw data for 6-month swine femoral cortical bone tensile testing
Specimen Width(mm)
Thickness
(mm)
Ultimate Tensile
Strength
(MPa)
Ultimate
Tensile Strain
(mm/mm)
Young's
Modulus
(GPa)
1 2.02 1.49 100.30 1.10% 15.91
2 2.08 1.53 111.10 1.30% 16.57
3 2.07 1.45 115.40 1.30% 16.85
4 2.07 1.55 74.00 1.50% 12.58
5 2.09 1.55 123.80 0.90% 13.44
6 2.02 1.49 88.30 0.90% 14.76
7 2.04 1.4 92.80 0.80% 18.84
8 2.04 1.51 126.40 1.00% 14.16
9 2.06 1.6 133.30 1.20% 14.66
10 2.01 1.3 72.30 0.70% 17.76
11 2.04 1.41 57.00 0.90% 11.74
12 2.03 1.21 116.50 1.10% 18.52
13 2.35 1.14 108.30 1.60% 15.17
14 2.12 1.17 124.08 0.90% 14.16
15 2.06 1.12 107.80 0.90% 15.10
16 2.05 1.2 101.00 0.90% 13.43
17 2.14 1.15 59.80 0.70% 17.37
18 2.02 1.21 85.90 0.90% 13.90
19 2.16 1.13 114.70 1.40% 16.15
20 2.07 1.12 59.90 0.90% 18.32
21 2.4 1.24 58.76 1.20% 10.59
Average 96.74 1.05% 15.24
Standard Deviation 24.81 0.25% 2.26
Standard Error 5.41 0.056% 0.49
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Table C.2 Raw data for 12-month swine femoral cortical bone tensile testing
Specimen Width(mm)
Thickness
(mm)
Ultimate Tensile
Strength
(MPa)
Ultimate
Tensile Strain
(mm/mm)
Young's
Modulus
(GPa)
1 2.00 1.54 123.80 0.76% 25.19
2 2.07 1.56 123.10 0.92% 21.35
3 2.09 1.66 126.90 0.95% 23.43
4 2.13 1.50 102.10 0.88% 20.01
5 2.09 1.52 66.50 1.40% 13.32
6 2.05 1.41 75.90 0.66% 12.78
7 2.07 1.60 99.90 0.66% 20.49
8 2.09 1.55 90.80 1.01% 21.94
9 2.17 1.70 112.90 0.92% 20.48
10 2.09 1.52 86.50 0.68% 21.56
11 2.10 1.37 104.00 1.08% 20.94
12 2.03 1.37 69.74 0.56% 16.54
13 2.09 1.49 110.40 1.20% 19.69
14 2.01 1.36 129.50 1.30% 22.83
15 2.02 1.43 99.60 0.90% 21.85
16 2.10 1.41 92.20 0.90% 19.17
17 2.12 1.34 111.20 1.40% 19.47
18 2.16 1.45 92.09 0.60% 19.56
19 2.12 1.43 117.60 1.40% 18.45
20 2.12 1.43 113.54 1.00% 17.14
21 2.04 1.45 113.84 0.70% 16.24
Average 102.96 0.95% 19.64
Standard Deviation 18.20 0.27% 3.09
Standard Error 3.97 0.059% 0.68
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Table C.3 Raw data for 42-month swine femoral cortical bone tensile testing
Specimen Width(mm)
Thickness
(mm)
Ultimate Tensile
Strength
(MPa)
Ultimate
Tensile Strain
(mm/mm)
Young's
Modulus
(GPa)
1 2.12 1.60 96.50 0.39% 14.61
2 2.11 1.59 113.60 0.87% 22.27
3 2.07 1.47 178.90 0.85% 23.85
4 2.13 1.59 159.00 0.78% 27.80
5 2.01 1.56 116.00 1.52% 18.16
6 2.07 1.27 92.90 0.40% 27.66
7 2.03 1.51 123.40 0.82% 22.78
8 2.03 1.52 108.70 0.88% 24.08
9 2.06 1.56 122.00 0.91% 25.81
10 2.01 1.49 129.10 0.74% 28.24
11 2.07 1.30 82.70 0.53% 24.05
12 2.02 1.57 91.50 1.30% 19.72
13 2.06 1.33 92.52 0.70% 18.98
14 2.06 1.34 115.20 1.30% 21.14
15 2.19 1.23 131.70 1.17% 21.95
16 2.11 1.27 110.70 0.95% 21.14
17 2.10 0.98 126.70 1.10% 25.97
18 2.08 1.48 119.40 1.30% 21.57
19 2.04 1.27 137.90 0.90% 28.15
20 2.08 1.46 109.35 0.50% 22.37
21 2.02 1.25 146.30 1.00% 27.65
Average 119.24 0.90% 23.24
Standard Deviation 23.37 0.31% 3.68
Standard Error 5.10 0.067% 0.80
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Table C.4 Raw data for 6-month swine femoral cortical bone compression testing
Specimen Width(mm)
Thickness
(mm)
Ultimate
Compression
Strength (MPa)
Ultimate
Compression
Strain
(mm/mm)
Young's
Modulus
(GPa)
1 2.98 5.92 115.00 4.90% 2.48
2 2.93 6.13 108.50 5.00% 2.41
3 2.98 6.04 108.50 4.50% 2.56
4 2.96 6.03 126.30 6.20% 2.33
5 2.90 5.90 109.70 5.90% 2.50
6 2.95 6.00 83.80 9.60% 1.80
Average 108.63 6.02% 2.35
Standard Deviation 13.93 1.87% 0.28
Standard Error 5.69 0.76% 0.11
Table C.5 Raw data for 12-month swine femoral cortical bone compression testing
Specimen Width(mm)
Thickness
(mm)
Ultimate
Compression
Strength (MPa)
Ultimate
Compression
Strain
(mm/mm)
Young's
Modulus
(GPa)
1 2.95 6.04 104.30 7.30% 2.24
2 2.91 6.04 99.80 5.50% 2.11
3 2.92 5.99 150.40 6.00% 2.61
4 2.96 5.66 96.20 5.40% 2.03
5 2.80 5.82 112.90 4.60% 2.54
6 2.84 6.00 110.30 5.70% 2.09
Average 112.32 5.75% 2.27
Standard Deviation 19.67 0.89% 0.25
Standard Error 8.03 0.36% 0.10
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Table C.6 Raw data for 42-month swine femoral cortical bone compression testing
Specimen Width(mm)
Thickness
(mm)
Ultimate
Compression
Strength (MPa)
Ultimate
Compression
Strain
(mm/mm)
Young's
Modulus
(GPa)
1 2.94 6.02 112.70 4.30% 2.64
2 2.97 6.06 121.00 5.80% 2.40
3 2.94 5.99 129.00 5.20% 2.58
4 2.63 5.75 167.50 7.30% 2.52
5 2.96 5.92 112.20 5.20% 2.28
6 2.94 6.00 122.00 4.80% 2.58
7 2.93 5.95 104.90 4.20% 2.56
Average 126.10 5.42% 2.49
Standard Deviation 21.94 1.06% 0.12
Standard Error 8.29 0.040% 0.045
Table C.7 Reduced modulus and hardness results from all indents performed in the Sample SFC
6m L inner wall of chambers area
Indent # Er (MPa) H (MPa)
1 9.85 1.09
2 14.55 1.36
3 13.47 1.36
4 14.02 1.46
5 17.97 1.33
Average 13.97 1.32
Standard Deviation 2.90 0.14
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Table C.8 Reduced modulus and hardness results from all indents performed in the Sample SFC
6m L circumeretial lamella bright line area
Indent # Er (GPa) H (GPa)
1 15.16 0.42
2 12.87 0.36
3 7.21 0.19
4 7.89 0.23
5 8.50 0.27
6 13.97 0.38
7 10.19 0.33
8 7.14 0.22
9 8.68 0.23
10 7.40 0.20
Average 9.90 0.28
Standard Deviation 3.01 0.084
Table C.9 Reduced modulus and hardness results from all indents performed in the Sample SFC
6m L osteon thick and thin lamellar areas
Area Indent#
Er
(GPa)
H
(GPa) Area
Indent
#
Er
(GPa)
H
(GPa)
1 9.59 0.27 1 7.51 0.21
2 8.73 0.25 2 6.76 0.17
Thick
Lamella 1
3 6.52 0.16
Thin
Lamella 1
3 6.48 0.18
1 20.18 0.56 1 15.83 0.38
2 15.52 0.42 2 13.86 0.42
Thick
Lamella 2
3 17.10 0.43
Thin
Lamella 2
3 14.08 0.38
1 16.08 0.34 1 11.48 0.36
2 13.93 0.24 2 11.79 0.29
Thick
Lamella 3
3 16.62 0.45
Thin
Lamella 3
3 10.27 0.24
Average 13.81 0.35 Average 10.9 0.29
Std. Dev. 4.53 0.12 Std. Dev. 3.41 0.096
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Table C.10 Reduced modulus and hardness results from all indents performed in the Sample
SFC 6m L interstitial (woven) bone area
Indent # Er (GPa) H (GPa)
1 7.44 0.19
2 13.01 0.35
3 9.55 0.31
4 9.19 0.23
5 9.95 0.25
6 10.43 0.24
7 17.00 0.43
8 7.32 0.20
Average 10.48 0.27
Standard Deviation 3.19 0.082
Table C.11 Reduced modulus and hardness results from all indents performed in the Sample SFC
6m T circumferential lamellae thick and thin lamellar areas
Area Indent# Er (GPa) H(GPa) Area
Indent
#
Er
(GPa) H(GPa)
1 16.16 0.36 1 13.14 0.16
2 14.19 0.28 2 13.63 0.37
Thick
Lamella 1
3 12.79 0.28
Thin
Lamella 1
3 12.18 0.25
1 11.71 0.22 1 11.26 0.22
2 13.58 0.28 2 9.91 0.21
Thick
Lamella 2
3 13.12 0.24
Thin
Lamella 2
3 11.05 0.25
1 12.18 0.23 1 12.41 0.25
2 11.97 0.26 2 8.93 0.16
Thick
Lamella 3
3 11.07 0.19
Thin
Lamella 3
3 12.82 0.24
1 7.91 0.19 1 9.63 0.19
2 8.75 0.17 2 10.06 0.18
Thick
Lamella 4
3 6.75 0.13
Thin
Lamella 4
3 8.30 0.15
Average 11.68 0.24 Average 11.11 0.22
Std. Dev. 2.72 0.062 Std. Dev. 1.75 0.061
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Table C.12 Reduced modulus and hardness results from all indents performed in the
Sample SFC 12m L inner wall of chambers area
Indent # Er (GPa) H (GPa)
1 2.19 0.048
2 5.38 0.092
3 4.87 0.074
4 5.31 0.072
5 5.18 0.074
Average 4.59 0.072
Standard Deviation 1.36 0.016
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Table C.13 Reduced modulus and hardness results from all indents performed in the Sample SFC
12m L circumferential lamellae bright line area
Indent # Er (GPa) H (GPa)
1 19.47 0.51
2 11.82 0.43
3 9.01 0.29
4 12.06 0.45
5 11.89 0.42
6 29.27 0.59
7 12.57 0.33
8 14.58 0.47
9 23.35 0.52
10 14.25 0.39
Average 15.83 0.44
Standard Deviation 6.30 0.088
Table C.14 Reduced modulus and hardness results from all indents performed in the Sample SFC
12m L circumferential lamellae thick and thin lamella areas
Area Indent# Er (GPa)
H
(GPa) Area
Indent
#
Er
(GPa)
H
(GPa)
1 24.78 0.54 1 22.70 0.61
2 20.50 0.46 2 16.04 0.31
3 20.63 0.39 3 16.00 0.28
Thick
Lamella 1
4 22.68 0.56
Thin
Lamella
2
1 15.47 0.36 1 22.08 0.76
2 19.26 0.46 2 27.62 0.77
3 19.15 0.50 3 23.09 0.48
Thick
Lamella 2
4 14.76 0.36
Thin
Lamella
3
4 26.75 0.61
1 21.35 0.50 1 17.06 0.44
2 21.24 0.52 2 22.01 0.57
3 19.33 0.68 3 13.19 0.26
Thick
Lamella 3
4 14.64 0.38
Thin
Lamella
4
4 14.24 0.27
Average 19.48 0.48 Average 20.07 0.49
Std. Dev. 3.15 0.095 Std. Dev. 4.99 0.19
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Table C.15 Reduced modulus and hardness results from all indents performed in the Sample SFC
12m T circumferential lamellae bright line area
Indent # Er (GPa) H (GPa)
1 21.74 0.33
2 20.62 0.33
3 20.12 0.31
4 19.65 0.27
5 20.45 0.33
6 20.33 0.30
7 17.02 0.27
8 19.96 0.33
9 16.84 0.29
Average 19.64 0.31
Standard Deviation 1.64 0.026
Table C.16. Reduced modulus and hardness results from all indents performed in the
Sample SFC 12m T circumferential lamellae thick and thin lamella areas
Area Indent#
Er
(GPa) H(GPa) Area
Indent
#
Er
(GPa) H(GPa)
1 20.38 0.32 1 11.13 0.17
2 20.04 0.30 2 14.13 0.19
3 22.18 0.32
Thick
Lamella 1
4 22.05 0.34
Thin
Lamella 2
1 14.95 0.22 1 17.10 0.23
2 18.47 0.35 2 17.79 0.22
3 20.62 0.34 3 14.11 0.21
Thick
Lamella 2
4 18.33 0.30
Thin
Lamella 3
4 16.05 0.20
1 16.44 0.32 1 17.00 0.26
2 14.98 0.24 2 13.20 0.22
3 17.08 0.29 3 13.37 0.26
Thick
Lamella 3
4 17.92 0.26
Thin
Lamella 4
1 13.91 0.25Thick
Lamella 4 2 12.90 0.26
Average 17.88 0.29 Average 14.88 0.22
Std. Dev. 2.98 0.04 Std. Dev. 2.22 0.03
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Table C.17 Reduced modulus and hardness results from all indents performed in the
Sample SFC 12m T osteon thick and thin lamella areas
Area Indent#
Er
(GPa) H(GPa) Area
Indent
#
Er
(GPa) H(GPa)
1 18.06 0.28 1 17.29 0.27
2 17.31 0.29
3 12.50 0.22
Thick
Lamella 1
Thin
Lamella 2
4 11.52 0.18
1 13.18 0.21 1 13.10 0.21
2 13.74 0.24 2 14.27 0.26
3 14.43 0.25 3 17.80 0.28
Thick
Lamella 2
Thin
Lamella 3
4 15.78 0.25
1 16.01 0.25 1 15.65 0.30
2 14.54 0.25 2 15.53 0.28
3 20.03 0.25 3 22.50 0.27
Thick
Lamella 3
Thin
Lamella 4
4 15.23 0.30
Average 15.71 0.25 Average 15.71 0.26
Std. Dev. 2.5 0.02 Std. Dev. 2.9 0.04
Table C.18 Reduced modulus and hardness results from all indents performed in the Sample SFC
42m L osteon inner wall area in a hydrated condition
Indent # Er (GPa) H (GPa)
1 6.44 0.26
2 6.13 0.21
3 8.22 0.33
4 9.74 0.39
5 12.98 0.54
Average 8.70 0.35
Standard Deviation 2.80 0.13
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Table C.19 Reduced modulus and hardness results from all indents performed in the Sample SFC
42m L osteon inner wall area in a dry condition
Indent # Er (GPa) H (GPa)
1 30.03 1.40
2 30.07 1.40
3 34.46 1.63
4 26.89 1.25
Average 30.36 1.42
Standard Deviation 3.11 0.16
Table C.20 Reduced modulus and hardness results from all indents performed in the Sample SFC
42m L circumferential lamellae bright line area in a hydrated condition
Indent # Er (GPa) H (GPa)
1 14.83 0.49
2 16.73 0.59
3 16.46 0.62
4 17.97 0.62
5 19.04 0.67
6 16.24 0.35
7 17.20 0.65
8 16.84 0.61
9 18.80 0.56
Average 17.12 0.57
Standard Deviation 1.32 0.10
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Table C.21 Reduced modulus and hardness results from all indents performed in the Sample SFC
42m L circumferential lamellae bright line area in a dry condition
Indent # Er (GPa) H (GPa)
1 29.49 1.25
2 27.70 0.96
3 26.58 0.89
4 29.90 0.90
5 25.57 0.97
6 36.42 1.46
7 29.67 1.47
8 30.65 1.24
9 25.55 0.89
Average 29.06 1.12
Standard Deviation 3.36 0.24
Table C.22 Reduced modulus and hardness results from all indents performed in the Sample SFC
42m L osteon thick and thin lamella in hydrated conditions
Area Indent#
Er
(GPa) H (GPa) Area
Indent
#
Er
(GPa)
H
(GPa)
1 15.14 0.66 1 10.50 0.35
2 19.47 0.93 2 13.46 0.50
3 18.32 0.83 3 21.00 0.95
Thick
Lamella 2
4 20.55 0.89
Thin
Lamella 1
4 20.44 0.93
1 16.16 0.62 1 12.17 0.45
2 18.20 0.78 2 12.04 0.39
3 17.73 0.76 3 14.00 0.57
Thick
Lamella 3
Thin
Lamella 2
4 16.15 0.60
1 10.75 0.36 1 11.64 0.41
2 10.62 0.37 2 11.52 0.38
3 13.33 0.53 3 17.81 0.72
4 14.15 0.62
Thick
Lamella 4
5 15.01 0.67
Thin
Lamella 3
1 9.86 0.31 1 11.80 0.40
2 12.75 0.50 2 12.24 0.43
3 17.89 0.76 3 14.66 0.57
4 18.00 0.86 4 20.61 0.95
Thick
Lamella 5
5 17.45 0.82
Thick
Lamella 6
5 22.28 0.91
Average 15.77 0.66 Average 14.61 0.57
Std. Dev. 3.56 0.20 Std. Dev. 3.7 0.21
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Table C.23 Reduced modulus and hardness results from all indents performed in the Sample SFC
42m L osteon thick and thin lamella areas in dry conditions
Area Indent#
Er
(GPa) H (GPa) Area
Indent
#
Er
(GPa)
H
(GPa)
1 26.65 1.09 1 26.54 1.04
2 26.80 1.16 2 30.82 1.27
3 33.44 1.88 3 29.78 1.09
4 32.01 2.03 4 29.30 1.29
Thick
lamella 1
5 23.50 1.14
Thin
lamella 2
5 32.42 1.52
1 26.05 1.07 1 28.31 0.77
2 22.10 0.86 2 33.62 0.99
3 34.35 1.63
4 28.10 1.03
Thick
lamella 2
Thin
lamella 3
5 30.54 1.11
1 30.52 0.97 1 38.72 1.35
2 26.31 0.86 2 32.78 1.21
3 25.72 1.03 3 37.99 1.57
4 23.19 0.83 4 26.78 0.94
5 24.46 0.89 5 30.75 1.11
6 23.80 0.66 6 34.58 1.40
7 20.41 0.69 7 31.23 1.28
Thick
lamella 3
8 24.76 0.98
Thin
lamella 4
1 30.28 1.13 1 22.67 1.26
2 28.83 0.74 2 17.93 0.67
3 32.70 1.06 3 30.04 1.05
4 36.69 1.16
Thick
lamella 6
5 32.33 1.00
Thin
lamella 6
Average 27.53 1.06 Average 30.36 1.18
Std. Dev. 4.36 0.34 Std. Dev. 4.79 0.30
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Table C.24 Reduced modulus and hardness results from all indents performed in the Sample SFC
42m T interlamella area in a hydrated condition
Indent # Er (GPa) H (GPa)
1 23.08 0.89
2 25.20 1.05
3 24.32 1.16
4 21.52 0.97
5 19.79 1.06
6 22.90 0.98
7 22.52 0.95
Average 22.76 1.01
Standard Deviation 1.78 0.09
Table C.25 Reduced modulus and hardness results from all indents performed in the Sample SFC
42m T interlamella area in a dry condition
Indent # Er (GPa) H (GPa)
1 27.92 1.00
2 30.68 1.13
3 24.86 0.86
4 23.58 0.94
5 31.90 1.39
6 28.97 0.93
7 26.20 0.93
8 25.22 0.97
9 27.64 0.91
Average 27.44 1.01
Standard Deviation 2.76 0.16
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Table C.26 Reduced modulus and hardness results from all indents performed in the Sample SFC
42m T circumferential lamellae thick and thin lamella areas in hydrated conditions
Area Indent#
Er
(GPa) H (GPa) Area
Indent
#
Er
(GPa)
H
(GPa)
1 24.52 0.92 1 29.64 1.01
2 25.64 1.03
3 23.81 0.96
4 29.18 1.11
Thick
lamella 1
5 23.23 0.90
Thin
lamella 1
1 21.51 0.88 1 30.96 1.25
2 22.95 0.85
Thick
lamella 2
3 31.36 1.22
Thin
lamella 2
1 30.41 1.00 1 23.74 0.94Thick
lamella 3 2 29.62 0.86
Thin
lamella 3 2 19.18 0.69
1 31.56 1.08 1 23.13 0.79Thick
lamella 4
Thin
lamella 4 2 28.48 1.11
1 24.12 0.88
2 29.77 0.58
3 31.61 1.12
Thick
lamella 5
4 36.01 1.23
Average 27.69 0.97 Average 25.86 0.97
Std. Dev. 4.25 0.10 Std. Dev. 4.55 0.21
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Table C.27 Reduced modulus and hardness results from all indents performed in the Sample SFC
42m T circumferential lamellae thick and thin lamella areas in dry conditions
Area Indent#
Er
(GPa) H (GPa) Area
Indent
#
Er
(GPa)
H
(GPa)
1 29.03 0.88 1 28.94 1.27
2 28.40 1.26 2 26.52 0.90
Thick
lamella 1
3 26.62 1.06
Thin
lamella 1
3 24.65 0.81
1 26.91 0.84 1 31.96 1.07
2 23.29 0.68 2 32.37 1.21
Thick
lamella 2
3 26.39 1.16
Thin
lamella 2
3 31.34 0.97
1 24.93 0.73 1 32.05 1.22
2 21.94 0.78 2 27.86 1.16
Thick
lamella 3
3 23.95 0.70
Thin
lamella 3
3 26.31 0.99
1 23.89 0.70 1 26.11 1.02
2 30.03 1.00 2 34.13 1.61
Thick
lamella 4
3 25.05 0.74
Thin
lamella 4
3 24.32 0.73
1 25.27 0.73 1 27.07 0.78
2 25.64 0.84 2 25.28 0.76
Thick
lamella 5
3 25.77 0.88
Thin
lamella 5
1 31.34 1.03Thick
lamella 6 2 28.64 0.96
Average 26.3 0.88 Average 28.46 1.04
Std. Dev. 2.52 0.17 Std. Dev. 3.27 0.24
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Table C.28 Reduced modulus and hardness results from all indents performed in the Sample SFC
42m T osteon thick and thin lamella areas in hydrated conditions
Area Indent#
Er
(GPa) H (GPa) Area
Indent
#
Er
(GPa)
H
(GPa)
1 25.84 0.76 1 20.35 0.64Thick
lamella 2
Thin
lamella 1 2 20.80 0.78
1 23.77 0.65 1 25.11 0.85
2 22.59 0.83
3 28.41 0.93
Thick
lamella 3
4 23.61 0.79
Thin
lamella 2
1 24.95 0.80 1 20.59 0.74Thick
lamella 4 2 26.15 0.86
Thin
lamella 3 2 21.89 0.45
1 22.95 0.62 1 25.63 0.74
2 22.55 0.71 2 24.55 0.70
3 24.91 0.71 3 23.13 0.86
Thick
lamella 5
4 27.38 0.92
Thin
lamella 4
Average 24.83 0.78 Average 22.76 0.72
Std. Dev. 1.96 0.10 Std. Dev. 2.15 0.13
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Table C.29 Reduced modulus and hardness results from all indents performed in the
Sample SFC 42m T osteon thick and thin lamella areas in dry conditions
Area Indent#
Er
(GPa) H (GPa) Area
Indent
#
Er
(GPa)
H
(GPa)
1 32.45 1.18 1 30.07 0.98
2 34.55 1.22 2 31.54 1.16
3 30.63 0.76
4 26.81 1.10
Thick
lamella 2
5 22.57 0.60
Thin
lamella 2
1 29.76 1.02 1 16.61 0.29
2 33.08 0.92 2 29.50 1.15
Thick
lamella 3
3 25.41 0.66
Thin
lamella 3
3 30.14 1.00
1 25.50 1.01 1 27.69 0.82
2 30.75 0.82 2 29.74 0.80
Thick
lamella 4
3 28.19 0.89
Thin
lamella 4
3 31.79 0.85
1 29.38 0.81 1 32.54 0.87
2 28.84 0.79 2 28.49 0.72
Thick
lamella 5
3 31.18 1.21
Thin
lamella 5
1 28.32 0.74 1 27.96 1.00Thick
lamella 6 2 30.64 0.78
Thin
lamella 6
Average 29.25 0.91 Average 28.73 0.88
Std. Dev. 3.11 0.20 Std. Dev. 4.31 0.24
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APPENDIX D CHEMICAL COMPOSITION OF SWINE FEMORAL CORTICAL
BONE (AGE-RELATED CHANGES)
Table D.1 Ash content raw data for 6-month swine femoral cortical bone samples
Specimen WW (g) 1DW (g) 2DW (g) AshW (g)
Water Content
(%)
Ash Content
(%)
1 0.184 0.155 0.1560 0.1086 15.76 69.62
2 0.232 0.193 0.1937 0.1368 16.81 70.62
3 0.196 0.165 0.1649 0.1157 15.82 70.16
4 0.227 0.190 0.1905 0.1344 16.30 70.55
5 0.207 0.173 0.1740 0.1209 16.43 69.48
Average 16.22 70.09
Standard Deviation 0.44 0.52
Standard Error 0.19 0.23
Table D.2 Ash content raw data for 12-month swine femoral cortical bone samples
Specimen WW (g) 1DW (g) 2DW (g) AshW (g)
Water Content
(%)
Ash Content
(%)
1 0.354 0.296 0.2957 0.2043 15.76 69.62
2 0.223 0.195 0.1951 0.1385 16.81 70.62
3 0.361 0.300 0.3001 0.2045 15.82 70.16
4 0.230 0.203 0.2023 0.1441 16.30 70.55
5 0.259 0.227 0.2259 0.1607 16.43 69.48
Average 13.99 70.12
Standard Deviation 2.45 1.41
Standard Error 1.09 0.63
Table D.3 Ash content raw data for 42-month swine femoral cortical bone samples
Specimen WW (g) 1DW (g) 2DW (g) AshW (g)
Water Content
(%)
Ash Content
(%)
1 0.231 0.206 0.2069 0.1527 15.76 69.62
2 0.353 0.303 0.3026 0.2111 16.81 70.62
3 0.193 0.170 0.1707 0.1187 15.82 70.16
4 0.228 0.203 0.2023 0.1396 16.30 70.55
5 0.202 0.179 0.1797 0.1282 16.43 69.48
Average 11.85 70.69
Standard Deviation 1.36 1.95
Standard Error 0.61 0.87
178
Table D.4 DEXA raw data for 6-month swine femoral cortical bone sample 1
Region Area(mm2)
BMC
(gram)
BMD
(gram/ mm2)
Thickness
(mm)
BMAD
(gram/ mm3)
R1 0.4 0.13 0.312 5.31 0.0588
R2 0.42 0.16 0.374 5.36 0.0698
R3 0.41 0.16 0.375 5.32 0.0705
R4 0.37 0.16 0.357 5.2 0.0687
R5 0.34 0.13 0.39 5.08 0.0768
R6 0.41 0.13 0.321 5.09 0.0631
R7 0.39 0.13 0.333 5.2 0.0640
Average 0.352 5.22 0.0674
Standard Deviation 0.030 0.11 0.0059
Standard Error 0.011 0.04 0.0022
Table D.5 DEXA raw data for 6-month swine femoral cortical bone sample 2
Region Area(mm2)
BMC
(gram)
BMD
(gram/ mm2)
Thickness
(mm)
BMAD
(gram/ mm3)
R1 0.3 0.13 0.418 4.86 0.0860
R2 0.43 0.16 0.366 4.79 0.0764
R3 0.37 0.12 0.322 4.71 0.0684
R4 0.34 0.12 0.352 4.7 0.0749
R5 0.38 0.13 0.33 4.82 0.0685
R6 0.36 0.15 0.411 5.03 0.0817
R7 0.36 0.12 0.317 5.11 0.0620
Average 0.359 4.86 0.0740
Standard Deviation 0.041 0.16 0.0083
Standard Error 0.016 0.06 0.0031
Table D.6 DEXA raw data for 6-month swine femoral cortical bone sample 3
Region Area(mm2)
BMC
(gram)
BMD
(gram/ mm2)
Thickness
(mm)
BMAD
(gram/ mm3)
R1 0.35 0.25 0.707 7.03 0.1006
R2 0.35 0.24 0.671 7.22 0.0929
R3 0.39 0.21 0.544 6.96 0.0782
R4 0.33 0.2 0.611 7.03 0.0869
R5 0.38 0.23 0.61 7.07 0.0863
R6 0.37 0.2 0.542 7.35 0.0737
R7 0.42 0.23 0.554 7.45 0.0744
Average 0.606 7.16 0.0847
Standard Deviation 0.065 0.19 0.0100
Standard Error 0.024 0.07 0.0038
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Table D.7 DEXA raw data for 12-month swine femoral cortical bone sample 1
Region Area(mm2)
BMC
(gram)
BMD
(gram/ mm2)
Thickness
(mm)
BMAD
(gram/ mm3)
R1 0.42 0.19 0.443 7.05 0.0628
R2 0.44 0.19 0.428 7.03 0.0609
R3 0.42 0.21 0.488 7.04 0.0693
R4 0.32 0.15 0.476 6.63 0.0718
R5 0.35 0.16 0.442 6.74 0.0656
R6 0.35 0.17 0.49 6.78 0.0723
R7 0.46 0.2 0.441 6.98 0.0632
Average 0.458 6.89 0.0666
Standard Deviation 0.026 0.17 0.0046
Standard Error 0.010 0.07 0.0017
Table D.8 DEXA raw data for 12-month swine femoral cortical bone sample 2
Region Area(mm2)
BMC
(gram)
BMD
(gram/ mm2)
Thickness
(mm)
BMAD
(gram/ mm3)
R1 0.38 0.16 0.417 5.48 0.0761
R2 0.41 0.14 0.333 5.5 0.0605
R3 0.35 0.12 0.349 5.65 0.0618
R4 0.41 0.17 0.405 5.74 0.0706
R5 0.33 0.14 0.417 5.75 0.0725
R6 0.32 0.12 0.386 5.61 0.0688
R7 0.44 0.18 0.397 5.44 0.0730
Average 0.386 5.60 0.0690
Standard Deviation 0.033 0.13 0.0058
Standard Error 0.013 0.05 0.0022
Table D.9 DEXA raw data for 12-month swine femoral cortical bone sample 3 (thin)
Region Area(mm2)
BMC
(gram)
BMD
(gram/ mm2)
Thickness
(mm)
BMAD
(gram/ mm3)
R1 0.28 0.09 0.327 3.29 0.0994
R2 0.41 0.13 0.313 3.76 0.0832
R3 0.47 0.12 0.25 3.83 0.0653
R4 0.35 0.1 0.295 3.82 0.0772
R5 0.39 0.13 0.325 3.77 0.0862
R6 0.36 0.1 0.279 3.56 0.0784
R7 0.4 0.11 0.275 3.44 0.0799
Average 0.295 3.64 0.0814
Standard Deviation 0.029 0.21 0.0103
Standard Error 0.011 0.08 0.0039
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Table D.10 DEXA raw data for 12-month swine femoral cortical bone sample 3 (thick)
Region Area(mm2)
BMC
(gram)
BMD
(gram/ mm2)
Thickness
(mm)
BMAD
(gram/ mm3)
R1 0.41 0.27 0.652 9.17 0.0711
R2 0.46 0.29 0.624 9.3 0.0671
R3 0.48 0.29 0.601 9.39 0.0640
R4 0.42 0.31 0.735 9.74 0.0755
R5 0.39 0.27 0.675 9.71 0.0695
R6 0.4 0.3 0.754 9.4 0.0802
R7 0.42 0.29 0.673 9.18 0.0733
Average 0.673 9.41 0.0715
Standard Deviation 0.055 0.23 0.0054
Standard Error 0.021 0.09 0.0020
Table D.11 DEXA raw data for 42-month swine femoral cortical bone sample 1(thin)
Region Area(mm2)
BMC
(gram)
BMD
(gram/ mm2)
Thickness
(mm)
BMAD
(gram/ mm3)
R1 0.41 0.13 0.326 3.64 0.0896
R2 0.34 0.1 0.304 3.31 0.0918
R3 0.44 0.14 0.324 3.21 0.1009
R4 0.37 0.12 0.331 3.31 0.1000
R5 0.36 0.11 0.315 3.78 0.0833
R6 0.38 0.12 0.307 3.9 0.0787
R7 0.4 0.11 0.265 3.83 0.0692
Average 0.310 3.57 0.0877
Standard Deviation 0.022 0.29 0.0115
Standard Error 0.008 0.11 0.0043
Table D.12 DEXA raw data for 42-month swine femoral cortical bone sample 1 (thick)
Region Area(mm2)
BMC
(gram)
BMD
(gram/ mm2)
Thickness
(mm)
BMAD
(gram/ mm3)
R1 0.41 0.27 0.659 10.06 0.0655
R2 0.4 0.26 0.642 10.01 0.0641
R3 0.46 0.38 0.653 10.07 0.0648
R4 0.4 0.33 0.816 10.12 0.0806
R5 0.37 0.32 0.851 10.11 0.0842
R6 0.43 0.33 0.759 10.04 0.0756
R7 0.44 0.37 0.828 9.95 0.0832
Average 0.744 10.05 0.0740
Standard Deviation 0.091 0.06 0.0090
Standard Error 0.034 0.02 0.0034
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Table D.13 DEXA raw data for 42-month swine femoral cortical bone sample 2
Region Area(mm2)
BMC
(gram)
BMD
(gram/ mm2)
Thickness
(mm)
BMAD
(gram/ mm3)
R1 0.37 0.35 0.929 11.55 0.0804
R2 0.42 0.42 0.982 11.75 0.0836
R3 0.46 0.37 0.794 10.88 0.0730
R4 0.38 0.34 0.887 10.17 0.0872
R5 0.32 0.27 0.835 9.99 0.0836
R6 0.32 0.21 0.652 9.85 0.0662
Average 0.847 10.70 0.0790
Standard Deviation 0.116 0.82 0.0079
Standard Error 0.047 0.335 0.003
Table D.14 DEXA raw data for 42-month swine femoral cortical bone sample 3
Region Area(mm2)
BMC
(gram)
BMD
(gram/ mm2)
Thickness
(mm)
BMAD
(gram/ mm3)
R1 0.46 0.09 0.203 2.97 0.0684
R2 0.39 0.09 0.23 3.14 0.0732
R3 0.42 0.1 0.246 3.28 0.0750
R4 0.37 0.11 0.305 3.67 0.0831
R5 0.38 0.1 0.264 3.8 0.0695
R6 0.38 0.11 0.295 3.62 0.0815
R7 0.39 0.09 0.223 3.64 0.0613
Average 0.252 3.45 0.0731
Standard Deviation 0.038 0.31 0.0076
Standard Error 0.014 0.12 0.0029
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Table D.15 FTIR raw data for 6-month swine femoral cortical bone osteons
Specimen M/0 C/P Crystilinity Cross link AP/P
1x 6.6125 0.011333 0.9600 5.4831 0.041321
1y 6.2661 0.011600 0.9459 5.4073 0.042540
2x 5.9179 0.015471 0.9875 4.4455 0.020173
2y 5.7824 0.013313 0.9833 5.2021 0.031953
3x 6.9933 0.014083 1.0048 5.9070 0.020665
3y 6.9509 0.013313 0.9996 5.7076 0.019277
4x 6.0129 0.012917 0.9863 3.9525 0.038372
4y 6.8581 0.013588 1.0126 3.2576 0.033810
5x 4.6989 0.013737 0.9858 3.7351 0.020715
5y 4.8797 0.014176 0.9888 3.6959 0.018993
Average 6.0973 0.013353 0.9855 4.6794 0.028782
Standard Deviation 0.8152 0.001213 0.0199 0.9705 0.009804
Standard Error 0.2578 0.000384 0.0063 0.3069 0.003100
Table D.16 FTIR raw data for 6-month swine femoral cortical bone circumferential lamellae
Specimen M/0 C/P Crystilinity Cross link AP/P
1x 5.9751 0.010684 0.9267 4.0766 0.051764
1y 6.4986 0.010130 0.9248 4.3818 0.049348
2x 5.7633 0.012909 0.9235 4.0961 0.034519
2y 5.9196 0.012185 0.9348 4.4756 0.035450
3x 6.4305 0.011526 0.9594 3.6884 0.046095
3y 6.7984 0.011571 0.9437 4.0555 0.046577
4x 6.8938 0.011235 0.9524 4.3971 0.041148
4y 7.1288 0.011571 0.9410 4.6606 0.040897
5x 4.9624 0.013609 0.9942 3.3214 0.023695
5y 5.1015 0.013571 0.9667 3.7309 0.022374
Average 6.1472 0.011899 0.9467 4.0884 0.039187
Standard Deviation 0.7360 0.001165 0.0222 0.4131 0.010159
Standard Error 0.2327 0.000368 0.0070 0.1306 0.003213
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Table D.17 FTIR raw data for 12-month swine femoral cortical bone osteons
Specimen M/0 C/P Crystilinity Cross link AP/P
1x 7.4479 0.012222 0.9168 4.7756 0.042978
1y 7.7486 0.013556 0.9527 3.5397 0.036736
2x 7.7443 0.011167 0.9328 5.1856 0.046869
2y 7.1850 0.013400 0.9218 4.4714 0.044314
3x 7.3135 0.013158 0.9225 4.4785 0.049008
3y 7.7379 0.013842 0.9560 3.6509 0.036517
4x 8.0009 0.011500 0.9338 4.6671 0.046023
4y 7.2494 0.013190 0.9187 4.3851 0.044208
5x 7.4354 0.012000 0.9167 4.6622 0.045696
5y 7.9954 0.012059 0.9070 4.6088 0.045248
6x 6.7204 0.010842 0.9314 4.0786 0.051637
6y 6.9328 0.010533 0.9217 4.5398 0.050435
7x 6.9895 0.012071 0.9301 4.4743 0.038419
7y 7.3214 0.012118 0.9411 4.7270 0.042471
8x 6.8370 0.012826 0.9007 4.1088 0.057018
8y 6.6106 0.014188 0.9821 5.2627 0.037102
9x 7.0849 0.011781 0.9308 4.1838 0.048905
9y 6.0658 0.014304 0.9353 4.3816 0.050293
10x 7.6786 0.012000 0.9292 3.9998 0.044557
10y 7.6853 0.011136 0.9124 3.5773 0.052310
Average 7.2684 0.012461 0.9306 4.4306 0.045181
Standard Deviation 0.4994 0.001112 0.0184 0.4702 0.005562
Standard Error 0.1117 0.000249 0.0041 0.1051 0.001244
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Table D.18 FTIR raw data for 12-month swine femoral cortical bone circumferential lamellae
Specimen M/0 C/P Crystilinity Cross link AP/P
1x 5.8270 0.013333 0.9474 4.1287 0.032720
1y 6.3283 0.012682 0.9428 4.4007 0.037802
2x 6.3401 0.009619 0.8942 3.5715 0.053529
2y 6.7593 0.009667 0.9140 3.7955 0.053101
3x 6.7178 0.011619 0.9405 5.4903 0.035577
3y 6.4780 0.011136 0.9378 4.5358 0.049450
4x 6.5061 0.011190 0.9434 4.3489 0.045540
4y 6.2952 0.011429 0.9298 4.6259 0.043121
5x 6.3969 0.010524 0.9250 3.9948 0.057339
5y 6.4486 0.010333 0.8973 3.8889 0.058745
6x 6.3567 0.009762 0.8873 3.4065 0.062731
6y 6.8866 0.009696 0.9024 3.6248 0.062690
7x 6.5407 0.011714 0.9172 4.6260 0.040802
7y 6.7304 0.010810 0.9051 4.2579 0.046641
8x 6.5474 0.011476 0.9239 4.5410 0.029884
8y 6.9382 0.011048 0.9225 4.4440 0.043347
9x 6.6152 0.010524 0.9201 3.7029 0.045225
9y 6.7674 0.010556 0.9476 3.9573 0.044419
10x 6.5232 0.010353 0.9205 4.6654 0.050276
10y 6.6477 0.011318 0.9298 4.6504 0.048333
Average 6.5265 0.010919 0.9220 4.2109 0.046997
Standard Deviation 0.2496 0.000977 0.0182 0.5000 0.009255
Standard Error 0.0558 0.000218 0.0041 0.1118 0.002070
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Table D.19 FTIR raw data for 42-month swine femoral cortical bone osteons
Specimen M/0 C/P Crystilinity Cross link AP/P
1x 8.3059 0.007962 0.9230 3.6478 0.044938
1y 8.2524 0.007769 0.9117 4.2545 0.044482
2x 8.7268 0.008929 0.9356 4.9866 0.041771
2y 8.4317 0.007889 0.9286 4.8165 0.040981
3x 9.1796 0.008167 0.9063 4.2608 0.045786
3y 8.9266 0.009708 0.9477 3.5918 0.032515
4x 7.3856 0.010250 0.9234 4.0308 0.025498
4y 8.5268 0.009500 0.9279 4.2473 0.030760
5x 8.1555 0.010000 0.9261 3.8214 0.027485
5y 8.9223 0.009286 0.9163 4.2726 0.030592
6x 8.9412 0.009217 0.9283 4.4446 0.028261
6y 9.3381 0.008682 0.9090 4.3846 0.035919
7x 7.2888 0.011500 0.9166 3.6787 0.039954
7y 8.7631 0.014167 0.9761 3.3211 0.033002
8x 8.3788 0.008958 0.9034 3.9511 0.035360
8y 8.8683 0.008818 0.9215 4.7193 0.031670
9x 7.3225 0.013273 0.9834 5.0105 0.037501
9y 6.8701 0.013000 0.9334 4.0714 0.053397
10x 9.0943 0.008955 0.9367 3.9985 0.031306
10y 7.4613 0.009692 0.9465 4.2423 0.026986
Average 8.3570 0.009786 0.9301 4.1876 0.035908
Standard Deviation 0.7251 0.001827 0.0208 0.4613 0.007501
Standard Error 0.1621 0.000409 0.0047 0.1031 0.001677
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Table D.20 FTIR raw data for 42-month swine femoral cortical bone circumferential lamellae
Specimen M/0 C/P Crystilinity Cross link AP/P
1x 6.4580 0.012900 0.9311 4.6901 0.050933
1y 6.2868 0.012947 0.9235 4.1967 0.049302
2x 7.0002 0.013000 0.9338 4.5908 0.032570
2y 7.2418 0.013238 0.9553 5.2567 0.024827
3x 6.4488 0.012739 0.9286 4.0647 0.027383
3y 6.7718 0.012810 0.9411 4.1518 0.038483
4x 6.4711 0.011500 0.9248 3.4652 0.036768
4y 6.6958 0.011000 0.9299 3.5277 0.035712
5x 6.1840 0.012950 0.9597 3.3584 0.033027
5y 7.3544 0.012250 0.9452 3.6749 0.030740
Average 6.6913 0.012533 0.9373 4.0977 0.035974
Standard Deviation 0.3982 0.000731 0.0126 0.6148 0.008525
Standard Error 0.1259 0.000231 0.0040 0.1944 0.002696
Table D.21 FTIR raw data for 42-month swine femoral cortical bone interstitial lamellae
Specimen M/0 C/P Crystilinity Cross link AP/P
1x 6.4580 0.012900 0.9311 4.6901 0.050933
1y 6.2868 0.012947 0.9235 4.1967 0.049302
2x 7.0002 0.013000 0.9338 4.5908 0.032570
2y 7.2418 0.013238 0.9553 5.2567 0.024827
3x 6.4488 0.012739 0.9286 4.0647 0.027383
3y 6.7718 0.012810 0.9411 4.1518 0.038483
4x 6.4711 0.011500 0.9248 3.4652 0.036768
4y 6.6958 0.011000 0.9299 3.5277 0.035712
5x 6.1840 0.012950 0.9597 3.3584 0.033027
5y 7.3544 0.012250 0.9452 3.6749 0.030740
Average 6.6913 0.012533 0.9373 4.0977 0.035974
Standard Deviation 0.3982 0.000731 0.0126 0.6148 0.008525
Standard Error 0.1259 0.000231 0.0040 0.1944 0.002696
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APPENDIX E TENSILE TESTING RESULTS OF SWINE FEMORAL CORTICAL
BONE (SAMPLE SHAPE AND GEOMETRY)
Table E.1 Raw data for swine femoral cortical bone tensile testing on D1 samples
Width
(mm)
Thickness
(mm)
UT
(MPa)
UT
(mm/mm)
Young's
Modulus
(GPa)
Y
(MPa)
UT
(mm/mm)
1 2.1 1.37 133.8 0.042 5.25 107.6 0.022
2 2.12 1.39 123.9 0.023 5.97
3 2.09 1.34 95.2 0.019 5.36
4 2.09 1.45 73.5 0.028 3.86 68.4 0.020
5 2.1 1.43 116.6 0.039 5.28 96.6 0.020
6 2.09 1.41 63.7 0.028 3.87
7 2.09 1.42 102.3 0.029 4.06 101.7 0.027
8 2.09 1.42 51.5 0.019 4.35
9 2.08 1.34 121.6 0.033 5.51 115.5 0.023
Average 98.0 0.029 4834.82 97.9 0.022
Standard Deviation 27.5 0.008 752.93 16.1 0.003
Standard Error 9.18 0.003 0.16 5.36 0.001
Table E.2 Raw data for swine femoral cortical bone tensile testing on D2 samples
Width
(mm)
Thickness
(mm)
UT
(MPa)
UT
(mm/mm)
Young's
Modulus
(GPa)
Y
(MPa)
UT
(mm/mm)
1 1.94 1.34 139.9 0.033 6.06 124.9 0.023
2 1.94 1.42 119.0 0.029 5.42 110.5 0.022
3 1.95 1.23 118.0 0.025 4.91
4 1.93 1.52 124.8 0.033 6.28 119.9 0.021
5 1.92 1.4 114.7 0.023 5.29
6 1.84 1.44 132.3 0.038 6.03 125.7 0.023
7 1.83 1.48 45.0 0.017 4.36 37.9 0.011
8 1.94 1.42 119.1 0.031 4.79 114.4 0.026
9 1.84 1.47 82.3 0.014 5.98
10 1.93 1.51 103.3 0.029 5.27 97.5 0.021
Average 109.8 0.027 5.44 104.4 5.44
Standard Deviation 26.3 0.007 0.60 28.6 0.60
Standard Error 8.30 0.002 0.19 9.04 0.19
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Table E.3 Raw data for swine femoral cortical bone tensile testing on S1 samples
Width
(mm)
Thickness
(mm)
UT
(MPa)
UT
(mm/mm)
Young's
Modulus
(GPa)
Y
(MPa)
UT
(mm/mm)
1 3.07 1.4 92.8 0.046 3.81
2 3.1 1.39 45.5 0.018 3.51
3 3.05 1.3 118.6 0.036 5.21 80.5 0.019
4 3.08 1.32 94.5 0.040 4.54
5 3.18 1.41 119.6 0.036 4.29
6 3.09 1.34 53.6 0.024 3.50 43.4 0.014
7 3.08 1.47 3.50
8 3.05 1.55 96.6 0.029 3.99 87.5 0.024
9 3.05 1.44 60.9 0.021 4.98 35.2 0.009
10 3.08 1.48 31.3 0.011 3.33
Average 79.3 0.029 4.06 61.6 0.017
Standard Deviation 30.4 0.011 0.63 22.7 0.006
Standard Error 9.62 0.003 0.20 7.17 0.002
Table E.4 Raw data for swine femoral cortical bone tensile testing on S2 samples
Width
(mm)
Thickness
(mm)
UT
(MPa)
UT
(mm/mm)
Young's
Modulus
(GPa)
Y
(MPa)
UT
(mm/mm)
1 3.05 0.88 78.8 0.021 5.00 69.0 0.016
2 3.11 0.86 105.1 0.028 5.16
3 3.04 0.82 34.9 0.013 4.24
4 3.14 0.86 109.4 0.031 5.74
5 3.13 0.87 127.0 0.042 4.46
6 3.06 0.82 45.6 0.013 4.39
7 3.09 0.84 137.3 0.057 5.06 116.7 0.025
8 3.08 0.79 57.0 0.018 4.20 50.4 0.014
9 3.04 0.97 62.4 0.031 4.52 38.2 0.010
Average 84.2 0.028 4.75 68.6 0.016
Standard Deviation 34.8 0.014 0.52 29.9 0.005
Standard Error 11.59 0.005 0.17 9.96 0.002
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Table E.5 Raw data for swine femoral cortical bone tensile testing on S3 samples
Width
(mm)
Thickness
(mm)
UT
(MPa)
UT
(mm/mm)
Young's
Modulus
(GPa)
Y
(MPa)
UT
(mm/mm)
1 3.04 1.4 99.8 0.031 4.20 86.9 0.023
2 3.02 1.24 130.0 0.046 4.94 99.7 0.022
3 3.02 1.31 46.1 0.012 4.31
4 3.05 1.35 89.7 0.026 5.12
5 3.04 1.43 88.0 0.023 4.30
6 3.03 1.43 117.1 0.035 4.82 100.1 0.023
7 3 1.27 48.9 0.014 3.89
8 3.03 1.19 77.0 0.026 3.61 73.9 0.022
9 3.04 1.38 57.9 0.019 3.92 51.4 0.015
10 3 1.32 21.6 0.014 3.34 19.6 0.010
Average 77.6 0.025 4.24 71.9 0.019
Standard Deviation 32.2 0.010 0.55 28.7 0.005
Standard Error 10.20 0.003 0.17 9.08 0.002
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APPENDIX F TENSILE TESTING RESULTS OF SWINE FEMORAL CORTICAL
BONE (ANISOTROPY)
Table F.1 Raw data for 0 degree swine femoral cortical bone tensile testing
Specimen Width(mm)
Thickness
(mm)
Ultimate Tensile
Strength
(MPa)
Ultimate
Tensile Strain
(mm/mm)
Young's
Modulus
(GPa)
1 2.01 1.10 88.00 1.29% 16.52
2 1.96 1.12 89.10 1.29% 15.92
3 2.06 1.08 75.07 0.60% 15.99
4 1.96 1.06 90.40 0.70% 15.37
5 1.98 1.12 129.70 2.02% 16.21
6 1.97 1.08 79.58 1.09% 15.09
7 2.06 1.07 58.90 1.27% 12.99
8 2.02 1.06 62.30 1.11% 13.56
9 2.06 1.12 106.40 0.78% 15.52
10 2.04 1.07 82.16 1.08% 13.61
11 1.98 1.04 96.46 1.29% 15.01
Average 87.10 1.14% 15.07
Standard Deviation 19.82 0.38% 1.18
Standard Error 5.97 0.12% 0.36
Table F.2 Raw data for 15 degree swine femoral cortical bone tensile testing
Specimen Width(mm)
Thickness
(mm)
Ultimate Tensile
Strength
(MPa)
Ultimate
Tensile Strain
(mm/mm)
Young's
Modulus
(GPa)
1 2.00 1.09 16.63
2 1.99 1.11 86.86 0.78% 12.96
3 1.93 1.17 15.65
4 1.95 1.12 91.42 1.27% 0.00
5 1.95 1.10 50.55 0.41% 13.96
6 1.99 1.08 62.13 0.44% 15.50
7 1.99 1.08 16.71
8 2.06 1.11 71.36 0.63% 13.86
9 2.02 1.07 69.45 0.98% 14.91
10 2.02 1.15 92.44 1.84% 13.66
Average 74.89 0.91% 14.87
Standard Deviation 15.93 0.51% 1.34
Standard Error 5.04 0.16% 0.42
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Table F.3 Raw data for 30 degree swine femoral cortical bone tensile testing
Specimen Width(mm)
Thickness
(mm)
Ultimate Tensile
Strength
(MPa)
Ultimate
Tensile Strain
(mm/mm)
Young's
Modulus
(GPa)
1 1.97 1.10 73.96 0.57% 14.60
2 1.89 1.01 12.84
3 1.94 1.00 67.06 1.32% 14.70
4 1.90 1.08 86.17 0.65% 16.17
5 1.90 1.08 81.11 0.70% 16.09
6 1.96 1.07 56.90 0.47% 15.24
7 2.00 1.04 75.00 1.80% 15.08
8 2.05 1.12 48.78 0.37% 13.33
9 1.99 1.05 58.08 0.86% 15.86
10 2.01 1.08 11.42
11 1.97 1.07 46.56 0.48% 14.52
Average 65.96 0.80% 14.53
Standard Deviation 14.14 0.47% 1.47
Standard Error 4.26 0.14% 0.44
Table F.4 Raw data for 45 degree swine femoral cortical bone tensile testing
Specimen Width(mm)
Thickness
(mm)
Ultimate Tensile
Strength
(MPa)
Ultimate
Tensile Strain
(mm/mm)
Young's
Modulus
(GPa)
1 1.93 1.13 69.30 0.67% 13.13
2 1.94 1.08 51.29 0.44% 12.78
3 2.01 1.05 57.57 0.48% 13.33
4 1.95 1.04 46.83 0.75% 12.63
5 1.95 1.12 33.95 0.31% 11.77
6 2.01 1.14 60.08 1.08% 13.09
7 1.99 1.11 40.11 0.31% 13.30
8 2.03 1.17 86.09 1.05% 13.24
9 2.01 1.08 76.65 0.70% 14.71
10 1.99 1.12 62.90 1.10% 14.22
Average 58.48 0.69% 13.22
Standard Deviation 16.19 0.31% 0.81
Standard Error 5.12 0.10% 0.26
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Table F.5 Raw data for 60 degree swine femoral cortical bone tensile testing
Specimen Width(mm)
Thickness
(mm)
Ultimate Tensile
Strength
(MPa)
Ultimate
Tensile Strain
(mm/mm)
Young's
Modulus
(GPa)
1 2.00 1.19 65.99 0.64% 14.06
2 2.02 1.16 51.93 0.91% 12.77
3 1.95 1.11 65.66 0.88% 13.99
4 1.99 1.11 52.07 0.72% 13.07
5 1.95 1.09 51.44 0.44% 12.79
6 1.94 1.12 42.57 0.41% 13.15
7 2.00 1.10 61.63 1.09% 14.79
8 1.99 1.07 30.45 0.31% 11.67
9 1.99 1.14 31.61 0.38% 10.53
10 1.99 1.25 31.17 0.31% 11.53
11 2.00 1.07 56.10 0.49% 12.50
12 2.00 1.12 50.94 0.44% 12.81
Average 49.30 0.59% 12.81
Standard Deviation 12.82 0.26% 1.18
Standard Error 3.70 0.07% 0.34
Table F.6 Raw data for 75 degree swine femoral cortical bone tensile testing
Specimen Width(mm)
Thickness
(mm)
Ultimate Tensile
Strength
(MPa)
Ultimate
Tensile Strain
(mm/mm)
Young's
Modulus
(GPa)
1 1.92 1.12 40.61 0.34% 13.34
2 2.00 1.12 36.76 0.36% 12.49
3 1.94 1.12 32.10 0.34% 11.75
4 1.93 1.11 27.60 0.37% 10.72
5 1.93 1.02 27.58 0.26% 12.59
6 1.98 1.12 28.46 0.31% 11.55
7 1.98 1.06 56.16 0.47% 13.10
8 1.99 1.11 63.77 0.57% 12.74
9 2.07 1.12 29.76 0.31% 11.89
10 2.01 1.09 37.43 0.41% 13.10
11 1.99 1.10 27.15 0.41% 11.08
Average 37.03 0.38% 12.21
Standard Deviation 12.33 0.09% 0.87
Standard Error 3.72 0.03% 0.26
193
Table F.7 Raw data for 90 degree swine femoral cortical bone tensile testing
Specimen Width(mm)
Thickness
(mm)
Ultimate Tensile
Strength
(MPa)
Ultimate
Tensile Strain
(mm/mm)
Young's
Modulus
(GPa)
1 2.03 1.05 43.10 0.34% 12.77
2 2.02 1.12 37.90 0.33% 11.71
3 1.93 1.11 41.03 0.34% 12.41
4 2.00 1.12 37.85 0.34% 11.82
5 1.99 1.09 28.86 0.29% 11.77
6 1.99 1.13 31.30 0.41% 10.34
7 1.99 1.11 30.91 0.29% 12.78
8 2.00 1.11 33.13 0.33% 11.98
9 2.00 1.14 30.85 0.31% 12.05
10 1.99 0.88 11.22
11 1.99 1.13 12.75
Average 34.99 0.33% 11.97
Standard Deviation 5.09 0.04% 0.74
Standard Error 4.53 0.01% 0.22
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APPENDIX G RAW DATA FOR LARGE BONE DEFECT REPAIRED IN XENOPUS
LAEVIS
Table G.1 Frog information of CSD group
Name frognumber
Surgery
date
Treatment
group Time group
Defect
Length
(mm)
CSD-3M-17 Frog 17 6/24/2008 CSD 3 months 1.5
CSD-3M-18 Frog 18 6/24/2008 CSD 3 months 2
CSD-3M-3 Frog 3 6/18/2008 CSD 3 months 5
CSD-3M-20 Frog 20 6/24/2008 CSD 3 months 2
CSD-3M-7 Frog 7 6/18/2008 CSD 3 months 2.5
CSD-3M-2 Frog 2 6/18/2008 CSD 3 months 4
CSD-3M-13 Frog 13 6/23/2008 CSD 3 months 4.5
CSD-3M-1 Frog 1 6/18/2008 CSD 3 months 4
CSD-3M-19 Frog 19 6/24/2008 CSD 3 months 3
CSD-3M-6 Frog 6 6/18/2008 CSD 3 months 8
CSD-3M-4 Frog 4 6/18/2008 CSD 3 months 7
CSD-3M-5 Frog 5 6/18/2008 CSD 3 months 6.5
CSD-3M-10 Frog 10 6/23/2008 CSD 3 months 7
CSD-6M-9 Frog 9 3/23/2009 CSD 6 months 2.5
CSD-6M-10 Frog 10 3/23/2009 CSD 6 months 3
CSD-6M-8 Frog 8 3/23/2009 CSD 6 months 5
CSD-6M-7 Frog 7 3/23/2009 CSD 6 months 4
CSD-6M-11 Frog 11 4/15/2009 CSD 6 months 5
CSD-6M-12 Frog 12 4/15/2009 CSD 6 months 5
Note: Frog CSD-3M-3, CSD-6M-8died before collection date
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Table G.2 Frog information of Distilled water treated group
Name frognumber
Surgery
date
Treatment
group Time group
Defect
Length
(mm)
DW-3W-3 Frog 3 DW-3W-3 DW 3 weeks 5
DW-3W-4 Frog 4 DW-3W-4 DW 3 weeks 7
DW-3W-1 Frog 1 DW-3W-1 DW 6 weeks 6
DW-3W-2 Frog 2 DW-3W-2 DW 6 weeks 6.5
DW-3M-8 Frog 8 DW-3M-8 DW 3 months 7
DW-3M-16 Frog 16 DW-3M-16 DW 3 months 6
DW-6M-1 Frog 1 DW-6M-1 DW 6 months 5
DW-6W-6 Frog 6 DW-6W-6 DW 6 months 7.5
DW-6W-3 Frog 3 DW-6W-3 DW 6 months 5
DW-6W-4 Frog 4 DW-6W-4 DW 6 months 7
DW-6W-2 Frog 2 DW-6W-2 DW 6 months 6.5
DW-6W-5 Frog 5 DW-6W-5 DW 6 months 6
Note: Frog DW-3M-8, DW-6M-1, DW-6W-4 died before collection date
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Table G.3 Frog information of growth factor treated group
Name frognumber
Surgery
date
Treatment
group Time group
Defect
Length
(mm)
GF-3W-10 Frog 10 8/13/2008 GF 3 weeks 5
GF-3W-11 Frog 11 8/13/2008 GF 3 weeks 5
GF-3W-12 Frog 12 8/13/2008 GF 3 weeks 4
GF-3W-9 Frog 9 8/13/2008 GF 3 weeks 7
GF-6W-5 Frog 5 8/13/2008 GF 6 weeks 5
GF-6W-2 Frog 2 8/13/2008 GF 6 weeks 5
GF-6W-3 Frog 3 8/13/2008 GF 6 weeks 4
GF-6W-8 Frog 8 8/13/2008 GF 6 weeks 8
GF-6W-4 Frog 4 8/13/2008 GF 6 weeks 7
GF-6W-7 Frog 7 8/13/2008 GF 6 weeks 4.5
GF-6W-1 Frog 1 8/13/2008 GF 6 weeks 5.5
GF-6W-6 Frog 6 8/13/2008 GF 6 weeks 6
GF-3M-11 Frog 11 6/23/2008 GF 3 months 5.5
GF-3M-9 Frog 9 6/23/2008 GF 3 months 5
GF-3M-14 Frog 14 6/23/2008 GF 3 months 7.5
GF-3M-15 Frog 15 6/23/2008 GF 3 months 6.5
GF-3M-12 Frog 12 6/23/2008 GF 3 months 5
GF-3M-21 Frog 21 6/24/2008 GF 3 months 5.5
GF-6M-16 Frog 16 4/15/2009 GF 6 months 6
GF-6M-14 Frog 14 4/15/2009 GF 6 months 7
GF-6M-17 Frog 17 4/15/2009 GF 6 months 5.5
GF-6M-18 Frog 18 4/15/2009 GF 6 months 6
GF-6M-15 Frog 15 4/15/2009 GF 6 months 5
GF-6M-13 Frog 13 4/15/2009 GF 6 months 5
Note: Frog GF-6W-3, GF-6M-14 died before collection date
frog GF-3W-11 GF-3W-12 GF-3M-15 are not available for histology
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Table G.4 Micro-CT and histology results of CSD group
Name Defect Length(%)
Regenerated
tissue in the
gap region
Ossification Stressfracture
CSD-3M-17 9.6% cartilage yes no
CSD-3M-18 13.5% cartilage yes no
CSD-3M-20 13.8% cartilage yes no
CSD-3M-7 14.9% cartilage yes no
CSD-3M-2 22.0% scar NA no
CSD-3M-13 23.2% cartilage no yes
CSD-3M-1 24.6% cartilage yes no
CSD-3M-19 25.0% cartilage no no
CSD-3M-6 33.3% cartilage no yes
CSD-3M-4 37.7% scar NA yes
CSD-3M-5 38.7% scar NA no
CSD-3M-10 42.4% scar NA no
CSD-6M-9 12.8% cartilage yes yes
CSD-6M-10 21.9% cartilage yes yes
CSD-6M-7 26.5% cartilage yes yes
CSD-6M-11 27.3% scar NA no
CSD-6M-12 28.9% cartilage yes yes
Table G.5 Micro-CT and histology results of Distilled water treated group
Name Defect Length(%)
Regenerated
tissue in the
gap region
Ossification Stressfracture
DW-3W-3 41.7% scar NA no
DW-3W-4 58.3% scar NA yes
DW-3W-1 50.0% scar NA yes
DW-3W-2 54.2% scar NA yes
DW-3M-16 8.7% cartilage yes no
DW-6W-6 23.9% scar NA yes
DW-6W-3 33.4% cartilage yes yes
DW-6W-4 58.3% scar NA no
DW-6W-2 37.9% scar NA no
DW-6W-5 38.9% scar NA no
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Table G.6 Micro-CT and histology results of growth factor treated group
Name Defect Length(%)
Regenerated
tissue in the
gap region
Ossification Stressfracture
GF-3W-10 41.7% cartilage yes yes
GF-3W-9 58.3% scar NA no
GF-6W-5 21.0% cartilage no no
GF-6W-2 28.9% cartilage yes no
GF-6W-8 34.8% cartilage no no
GF-6W-4 38.5% scar NA no
GF-6W-7 38.7% cartilage no yes
GF-6W-1 45.8% cartilage no no
GF-6W-6 50.0% cartilage no no
GF-3M-11 26.7% scar NA huge
GF-3M-9 27.5% cartilage yes no
GF-3M-14 31.3% scar NA huge
GF-3M-12 41.7% cartilage yes no
GF-3M-21 45.8% scar NA no
GF-6M-16 19.6% huge
GF-6M-17 25.8% huge
GF-6M-18 37.3% cartilage yes no
GF-6M-15 38.7% cartilage yes no
GF-6M-13 41.7% cartilage yes no
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Figure G.1 Micro-CT images of CSD group tarsus Part 1
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Figure G.2 Micro-CT images of CSD group tarsus Part 2
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Figure G.3 Micro-CT images of DW group tarsus
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Figure G.4 Micro-CT images of GS group tarsus Part 1
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Figure G.5 Micro-CT images of GS group tarsus Part 1
